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Abstract. Some of the recent developments in heavy flavour physics will be reviewed. This will
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1. Introduction

Flavour physics has played a crucial role in the development of the Standard Model (SM).
It was the -6 puzzle from kaon decays that led to the realization that parity may not
be conserved in all interactions [1]. The Cabibbo angle [2] reconciled the universality
of weak couplings with the mixing between quark flavours. The Glashow-Iliopoulos—
Maiani (GIM) mechanism [3] further predicted the charmed quark to explain the lack of
flavour-changing neutral currents (FCNC). The violation of charge-parity (CP) symmetry
was observed in neutral kaon decays [4], and was accounted for in the Kobayashi—
Maskawa (KM) paradigm [5] that also predicted the existence of the third generation
of quarks. The large mixing observed in the neutral B system led to the inference that the
top quark must be quite a bit heavier than the rest [6,7], and the rate of radiative B decays
[8] helped predict the correct top quark mass before its direct discovery.

With the SM now well-established, flavour physics provides precision tests for the SM.
The KM paradigm — that all the CP violations in the quark sector arise from the single
phase in the Cabibbo—Kobayashi-Maskawa (CKM) matrix — has been tested from numer-
ous directions, mainly from the decays of K and B mesons. Signals of NP, that normally
introduces new heavy particles, can be obtained in the low-energy observables if the heavy
particles contribute through Feynman diagrams involving loops. Rare decays of K, D and
B mesons that occur through such loop processes are therefore good candidates to look
for signals of NP. While the theoretical calculations of many such processes are plagued
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with hadronic uncertainties, judicious selection of observables — like asymmetries that
cancel out most of the hadronic uncertainties — can lead to precision tests of the SM.

While most of the flavour physics data till now have been consistent with the SM pre-
dictions, there have been a few tantalizing hints of NP in recent times. The difference
in the direct and indirect measurements of sin(28) [9], the anomalous CP-asymmetry in
the like-sign dimuons [10], the lifetime difference and CP-violating phase measured in
B, — B, mixing [11], the abnormally large observed branching fraction of B — tv [12],
the forward-backward asymmetry in B — K*u*u~ [13], difference between the direct
CP asymmetries of D — KTK~ and D — w7~ [14]: all these measurements, singly
or in combination, have indicated the presence of NP. If these anomalies are confirmed
with more data and independent measurements, we shall be able to not only ascertain
the presence of NP, but also discern some of its characteristics. A substantial part of this
paper will be devoted to discussing these measurements and what characteristics of NP
they may be indicating.

Independently of the NP signals in the data, there are still quite a few questions raised
by flavour physics which have been around for a few decades and which may not have
quick answers. Why are there three generations (if indeed, there are only three)? Why is
there such an extreme hierarchy of fermion masses? What is the source of CP violation?
How is the observed baryon asymmetry generated? These are questions in search of
a framework that may be broader than the SM in its current state. These are not the
questions this talk will dwell on.

Some caveats, excuses and apologies are in order. I shall deal mainly with B decays,
and only partially with decays of D mesons, which have given us many interesting results
in recent times. I shall emphasize the new theoretical and experimental results in the last
couple of years, and by necessity, shall be biased towards the issues that I understand
something about. The focus will naturally be on measurements at the border of SM and
beyond, which could be a bit unfair to all those beautiful measurements that are consistent
with the SM and have played a crucial role in strengthening its foundations. I shall start
by describing in §2, the status of some of the SM predictions and related measurements.
In §3, some of the anomalies recently observed in the recent data will be summarized.
Section 4 will further explore some selected NP models that are indicated by the above
anomalies, study the current constraints on them and point out how they may be tested in
future experiments. Section 5 will present my personal concluding observations.

2. Standard Model predictions

The effective Hamiltonian for a typical B-decay process may be written in terms of the
operator product expansion

HE ~ G Y A ™M Ci() 0; (), (1)

l

where Gr is the Fermi constant, AS*M is some combination of the CKM matrix elements,
and C; are the Wilson coefficients corresponding to the operators O;. While the CKM
matrix elements are determined from a fit to the data, the Wilson coefficients at a scale
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w are calculated through renormalization group running, starting from their values at the
scale M. The calculation of the decay rate simply follows

KB > f)= / [phase space] [(f|HSM|B) 2. ©

Apart from the information on masses of quarks and mesons that is obtained from data,
the calculation of the hadronic matrix element involves some non-perturbative inputs on
quantities like decay constants and bag parameters that need to be obtained from lattice
calculations.

2.1 Decay constants and bag parameters

Lattice results for the decay constants are now available with the number of sea-quark
flavours Ny = 2 + 1. The recent results give fg+ = (196.9 £ 8.9) MeV, fp, = (242.0 +
9.5) MeV, fp+ = (218.9 £ 11.3) MeV, fp, = (260.1 £ 10.8) MeV [15]. The individual
decay constants are thus known to an accuracy of about 5%. The SU (3) flavour-breaking
ratios of these decay constants are however predicted to a much better accuracy: fg,/fg =
1.229 +£0.026 and fp /fp = 1.188 +0.025 [15]. The quantities that involve the ratios of
decay constants are therefore much more well-known now, and the errors due to this ratio
form only a minor part of the total error on the observables.

The bag parameters B, (¢ = d, s) that parametrize the non-perturbative contribution to
the neutral B mixing are also now calculated on the lattice for Ny = 24-1. The predictions
for these parameters are conveniently given in terms of the combination qu\/Bqu that
appears in the expression for the mass difference in a neutral By system. The current
predictions from the HPQCD Collaboration [16] are fB\\/BT;s = 266 + 18 MeV and
&p = (f.v/Bs,)/(f,y/Bs,) = 1.258 £0.033. As a result of rapid progress in the lattice
calculations, the non-perturbative error on the prediction of AM,/A My, the ratio of mass
differences in the By and By systems, has now come down to only about 2.5%.

For a review of lattice results, the reader is referred to a recent talk [17].

2.2 CKM matrix elements

The global fits to the CKM matrix elememnts [9,18] have already been described in the
talk by Tim Gershon [19]. So we shall not repeat the details here. The constraints in the
p—1 plane have now been calculated from the combinations of measurements of (i) the
ratio |V, / Vep|, (i1) the parameter e from K — s, (iii) the mass differences A My and
A M, (iv) the angles «, B, y (or equivalently, ¢», ¢, ¢3) of the unitarity triangle. Since
almost all of the above measurements are consistent with each other, the KM paradigm of
there being only one CP-violating phase in the SM is mostly vindicated. However, there
are still a few open issues that we would like to reiterate here.

The value of sin2f obtained from the time-dependent CP asymmetry in b — ccs
decays differs from the best fit obtained from the combination of all other measurements.
The measurements of |V,;,| from inclusive and exclusive semileptonic decays are different
from each other. On top of it, the measured decay rate of B — tv yields a value for |V,;|
that is too high to be consistent with either of these, and in combination with the sin(28)
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measurements, gives an even greater deviation from the SM [9]. The measurements of
|Ves| from semileptonic K decays and hadronic t decays are also in tension with each
other. While these discrepancies are still less than 3¢, they need to be resolved before the
CKM picture may be said to be complete.

The unitarity of the CKM matrix plays a major role in the fit to the CKM elements, in
the absence of which the magnitudes of V;; and V;; would not be well-measured. The
unitarity cannot be simply verified by testing whether the angles of the unitarity triangle
sum up to 7, since o + B + y = m trivially by their definitions. What is needed is a
non-trivial check of unitarity, like testing for the relation [20]

Vs | sin B sin(y + fy)
Vud Sin(ﬂ + ]/)
that needs the measurement of the CP-violating phase S, in the By mixing. We should
soon be close to testing this important self-consistency feature of the KM paradigm: the
anomalous CP-asymmetry in like-sign dimuons [10], as well as the measurements of
the lifetime difference and CP-violating phase in By — J/vy¢ [11] are some of the
measurements that do not go in the current CKM fit. However, they will turn out to
be crucial to get a consistent picture.

sin B = [14+005h], 3)

2.3 Mass differences and width differences in neutral meson systems

The effective Hamiltonian for Bq—l_?q mixing may be written as H = M — (i /2)T", where
M and I" are 2 x 2 Hermitian matrices in the (Bqu)T basis, that correspond to the dis-
persive and absorptive parts of the Hamiltonian, respectively. The diagonal elements are
related as M|, = My, and I';; = I'y, due to CPT-conservation, while the off-diagonal
elements M, and I', are responsible for the mass difference and lifetime difference,
respectively. As long as [I";| < |M);|, a condition that is satisfied in the By as well as
B system, AM = 2|M 5| + O(mi/m}) and AT = —2Re(M},T'12)/|M2| + O (m/m}).
The origin of M|, is in the box diagram that gives rise to Bq—Bq mixing, where the con-
tribution due to the top quark in the loop dominates compared to that due to the charmed
and up-quark loops. In the SM,
g _ GiM§,
27 1272
where nqcp is the QCD correction factor, x; = mt2 / m%v, and S(xy) is the Inami—Lim func-
tion [21]. The mass differences are measured to be [22] AMy/ 'y = 0.771 £+ 0.008 and
AM,/Ts =26.924+0.15£0.10. These mass differences, when combined with the values
of qu@ obtained from the lattice, yield the values of | V4| and | V|, respectively.
The origin of I'y; is in the intermediate on-shell states in the box diagram that leads
to mixing. These states are thus the common final states that both By and By decay to.
Clearly these intermediate states involve only u and c¢ quarks. In the B4—By system, the
contribution from intermediate c—c quarks dominates, and "1, o (V, V;;)z. In the By—B;
system on the other hand, the contributions from intermediate u—c quarks and u—u quarks
are significant as well, and since even the c—c quark contribution gives terms proportional
to (Ve V5 )2, the value of AT is expected to be much larger than ATy, though I'y &~ I'y.

"y

The SM predictions are [23] AT/ I'q = (0.42 £ 0.08)% and AT'y/I's = (13.7 £ 2.7)%.

ms, Be, fi. 11acn (Vg Viv)* S (x0), 4)
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Because of its small value, AT'y/ I'q is often neglected in theoretical calculations, which
is fine as long as the accuracy of experiments is worse than a percent level. However, in
this precision era of flavour physics, a measurement of this quantity is possible and may
turn up new surprises [19,24,25]. The average of measurements for AI'y from BABAR
and DELPHI gives [12] AT'4/'q = (1.1 &= 3.7)%. Thus, the accuracy of these measure-
ments has to improve by almost an order of magnitude before they can confirm the SM
predictions. Of course, if NP can increase AI'y to a few percent (as it may, for a third-
generation scalar leptoquark models [26]), its measurement would be a clear indication
of NP which has flavour-dependent couplings with charged leptons.

On the other hand, AT/ I's ~ O(10%), and hence much more amenable to measure-
ments. Indeed we already have a ~ 20 measurement of a non-zero AI'y/ I's through the
By, — J/y¥¢ decay [12]: AT/Ts = 0.154‘_*8:822. It may be noted that values of AT
that are a factor of two larger than the SM prediction are easily possible with the current
data. Such an enhancement is impossible [27] in a large class of models, including, for
example, the minimal flavour violating (MFV) ones. However, models that have flavour-
dependent couplings of charged leptons with NP, especially those that would cause an
enhancement of the By — tt decay rate while keeping By — pp and By — 77 con-
strained by the current limits, would be able to increase the value of I"|; in the B, system.
Some such models could be the third-generation scalar leptoquark models [26] or the
left-right symmetric models [28].

In the D-D system, the value of M, is small since the quarks in the box diagram
loop are not heavy. The SM prediction is difficult since the long distance contributions
are significant and cannot be calculated reliably at the moment [29,30]. One expects
AMp/T'p ~ O(1073), while the measured value is AMp/ 'y = (0.6340.2)% [12]. The
value of Al'p/ I'p is also expected to be ~O(10™%), since there are not many common
final states for D and D decays. The measurements give AI'p/I'p = (1.54+0.24)% [12].

3. Some recent important flavour-physics measurements

In this section, we shall point out some of the recent measurements in heavy flavour
physics. Details of most of these measurements have already been presented [19,31-33].
Some of these measurements are interesting because they are anomalous, i.e., deviate
slightly from the SM expectations, in which case we shall indicate the features of NP they
will point to, if they indeed pass the test of time. The other measurements are consistent
with the SM. However, with the foreseen increase in accuracy, these have the potential of
revealing signals of NP.

3.1 Tension among the measurements of sin2f

The direct measurement of sin2f through the time-dependent CP-asymmetries of the
form b — cés and b — s5s are now consistent with each other, and give sin(28)V =
0.69140.020 [9]. However, the global fit to this quantity including all the flavour-physics
data except the above time-dependent asymmetries — ek, |V,»/ Vep|, Amg, Amg — yields
sin(2B) @) = 0.83070.01 [9]. Such a difference may be caused by most of the NP
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models that involve heavy particles contributing to either B4—By mixing or b — s decay
through loops.

3.2 Like-sign dimuon asymmetry

The direct semileptonic decay B — X always involves p~, while B — X always
involves ut. In general, therefore, the decay of a BB pair would be expected to pro-
duce muons of opposite signs. The like-sign dimuon signal BB — u*u*X is obtained
when one of the B and B oscillates to the other before decaying, resulting in two muons
with the same charge. The CP asymmetry in this channel is therefore the same as the
semileptonic asymmetry. Since the like-sign dimuon sample at the Tevatron does not
distinguish between By vs. By as the original meson, what one observes is a weighted
average of the semlleptomc asymmetries a and ag}, in By and By systems, respectively:

AY = (0.506 £ 0.043)a + (0.494 £ 0. 043)agl [10].

The SM predlctlon for this quantity is Asl = (—0. 023+8 882)%, while the measurement
[10] yields A =(— O 787 4+ 0.172 £ 0.093)%. This is a substantial, 3.90 deviation from
the SM. leen that a has independently been measured to be (—0.47 £ 0.46)% [12],
most of the observed A’S’ has to be contributed by agj. This gives aj; = (—1.81 £ 1.06)%,
which is about 20 deviation from its SM prediction of (0.0021 % 0.0006)%. Now

ay = (ATs/AMy) tan ¢y, 5)

where ¢:l = Arg(—M,/T'12) in the By system. Thus, in order to enhance af to large
values, one needs NP that will enhance either AT, or q&:l, or both.

3.3 Angular distribution in B — J/{¥¢

The angular analysis of By — J/¥¢ [34,35] is another avenue for the measurements
of AT and a related CP-violating phase, qb! e = = Arg[—M 12/ (Ve VE)?]. Note that
¢ # ¢!/"? . Indeed even in the SM, ¢! = 0.004140.0007 and ¢;/"? = —0.038-£0.002.
Though both of them are small, they have opposite signs and their magmtudes differ by
almost an order of magnitude. This is a consequence of the fact mentioned earlier, that
in I'}, the contribution of c—c intermediate states — that would have been proportional to
(Vep VC’;)2 — does not dominate [23,36].

The results from By — J /¥ ¢ have been in tension with the SM [11], though recent
data indicate that they are becoming consistent with the SM [33]. Note that values of AT’
that are about a factor of two more than the SM are still possible.

3.4 Enhanced branching ratio of BY — 17,

The branching ratio of B* — tv, in the SM is

87 2

Gimpm? m? ?
Brv = B(B+ - T+VI)SM =-F——= (1 - m_> f]}% |Vub|2 1B, (6)
B

where 1 is the BT lifetime. With fg = 192.8 £ 9.9 MeV [37] and |V,;| = (3.52 £
0.11) x 1073 [9,38], one gets the SM prediction, including higher-order corrections, to
be B;,(SM) = (0.81 £ 0.15) x 10~*. The measurement [12], on the other hand, gives
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By = (1.68 £ 0.31) x 10~*. This enhancement is more than 2o, and is difficult to explain
simply by the non-perturbative input on fg,.

There is a strong correlation between this branching ratio and the measurement of
sin2p [9], and the deviation from SM in the (sin28 — B;,) parameter space is rather
striking. The measurements of B — Dtv and B — D*tv also show similar (1.80)
excess [19]. Though none of the deviations by themselves are very strong, the fact that all
of them are leaning towards one direction may be an indication of some NP that changes
the effective value of V.

3.5 Branching ratio of B, — utu~

The SM prediction for the branching ratio is B, = B(Bs; — uun) = (0.32 £ 0.02) x
1078 [39]. Recently, CDF has given a positive measurement of this decay, with B, =
(1 .Sf(l):é) x 1078 [40], while CMS and LHCb have given a combined upper limit of B,,,, <
1.1 x 1078 [41]. These results already put strong bounds on the scalar and pseudoscalar
contributions to NP. Moreover, the reach of LHC for this quantity is as low as 10~ and
therefore precision measurements of NP quantities may be expected from this channel.
Section 4.5 will discuss NP in this mode in more detail.

3.6 Forward—backward asymmetry in B — K*u*u~

The forward—backward asymmetry Agg(g?) in B — K*u*u~, where g2 is the invariant
mass of the utu™ pair, is a result of the interference between photonic and Z-penguin
contributions and is sensitive to NP. The zero of Apg(g?) is a particularly clean prediction
of the SM, because at this point the form-factor dependence cancels at the leading order
(LO), and a relation

Re[CS"(g)] = —(2mpmy/q]) CST (7)

between the short-distance coefficients is obtained [42]. Here qg is the point where
AfB (qé) = 0. Next-to-leading-order (NLO) contributions shift the position of this zero
to a higher value: q& = 3.90 £+ 0.12GeV? [43]. A substantial deviation from this zero
crossing point would thus be a robust signal for NP.

The measurement of this asymmetry at BELLE [13] showed a deviation from the SM:
the data showed positive values of Apg throughout the ¢ range, and gave no sign of a
zero crossing. The recent data from LHCb [44], however, do indicate zero crossing in
the expected region. A deviation from the SM prediction may occur if the NP affects
CS™ and/or C{M, or if it changes the relation in eq. (7) itself, such as by introducing new
Wilson coefficients.

3.7 CP asymmetryin B — K decays

In the SM, the difference between the direct CP asymmetries in BY — K 7% and B® —
K7~ is expected to vanish in the limit of isospin symmetry. This quantity is termed as
A Acp. Currently, experiments show [12]

Agr = Acp(BT > KT7%) — Acp(B® > KT77) =0.121 £0.022,  (8)

which is a 5.8¢ deviation from the expectation. It is not clear whether this deviation is due
to NP, or due to some isospin-breaking hadronic effects that are not well understood. For
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example, the SM prediction mentioned above neglects the contribution from electroweak
penguin (Pgw) and colour-suppressed tree (C) diagrams, which is the naive expectation.
Even with improved schemes of calculating these quantities, like QCD-improved factor-
ization, AAcp would be hard to explain as it would require large imaginary values for
Pgw and C [45]. Moreover, if Pgw were the explanation, one would have been able to
have some evidence from ratios of the form B(B* — 7 K)/B(B* — 7K) or B(B* —
pK)/ B(B® — pK), which is not found. On the other hand, if C were the explana-
tion, it would imply a breakdown of the power-counting in the context of soft collinear
effective theory (SCET), which has been observed to hold in other modes [46]. The per-
turbative QCD framework for calculating decay rates allows an explanation, however only
through an additional non-perturbative input [47]. Thus, the real explanation of this A Ak,
anomaly still eludes us. There is a recent claim that Pauli blocking is responsible for the
difference between the two channels: the tree diagram b — 5uii is Pauli-suppressed for a
spectator u-quark in B, but not for a spectator d-quark in B decay [48].

3.8 Longitudinal polarization fi in B — ¢K*

Longitudinal polarization (the fraction of events wherein the final-state particles ¢ and
K* are longitudinally polarized) in B — ¢ K™ is expected to be close to unity, since one
should have 1 — fi = fr « m2K*/ sz [49,50]. However, experiments seem to prefer
fr/fL =~ 1 [51-53]. In the framework of the SM, one can think of two possible mech-
anisms that could be responsible for this puzzle: penguin annihilation or rescattering
effects. The jury is still out on this.

4. Some NP models relevant to the anomalies

In this section, we shall explore some NP models that may be indicated by the anoma-
lies in the previous section. The original motivation of these models may not lie in the
observed anomalies. Indeed these models address a multitude of issues in low-energy
flavour physics as well as high-energy collider physics. Hence in turn, these models are
constrained by the data from a variety of decay modes. Here we present the current status
of these models in the light of other data, and comment on whether these indeed can be
viable explanations of the anomalies.

4.1 Fourth generation of quarks

While the inconsistency in the direct and indirect determination of sin28 as described
above, as well as any deviation in the measurement of ¢Sj "o or ¢§1, can be caused by
almost any model that has heavy particles in the loops contributing to b — s processes,
extra quark generations is perhaps the most natural NP candidate. Indeed there is no
fundamental reason why the number of generations in the SM should be restricted to
three, and even a single extra generation provides three more mixing angles and two
more CP-violating phases that can account for the deviation. The presence of a fourth
generation clearly will have important phenomenological consequences [54-57].

Direct searches for the fourth-generation quarks have yielded lower bounds on their
masses: my > 335 GeV [58] and my,y > 372 GeV [59] to 95% CL. Moreover, since these
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quarks would greatly enhance the gg — h° cross-section at the LHC, the limit on this
cross-section gives an indirect lower bound of ~500 GeV on their masses [60]. On the
other hand, the theoretical requirements from the perturbativity of the Yukawa couplings
and the perturbative unitarity of the fermion—fermion cross-section [61] implies that these
masses cannot be larger than ~600 GeV. Electroweak corrections, as parametrized by the
oblique parameters S, 7, U [62] further constrain the difference in the masses of +" and b’
[63], which also depends on the masses of the fourth-generation charged leptons, the mass
of the Higgs boson [64], and the mixing of the fourth generation with the other three [65].
The masses of the fourth-generation quarks are thus highly constrained and correlated,
but SM4 still remains a viable scenario [66].

With four quark generations, the quark-mixing matrix is a 4 x 4 matrix, CKM4, whose
parametrization requires six real parameters and three phases. Recently, a fit has been
performed [67] to the flavour-physics data that includes the measurements of (i) Ry, and
Ay from Z — bb, (ii) ex from K, — 7, (iii) the branching ratio of K+ — 7 vv, (iv)
the mass differences in the By and By systems, (v) the time-dependent CP asymmetry in
Bq — J /¥ Ks, (vi) y from tree-level decays, (vii) the branching ratios of B — Xy and
B — X_.ev, and (viii) the branching ratio of B — X u"u™ in the high-¢> and low-¢>
regions. It was found that all five NP parameters are consistent with zero, and the mixing
of the fourth generation with the other three is constrained to be small. In particular,
[Vip| < 0.06, |Vy| < 0.027, |V,y| < 0.31 at 3o. Still, it was noted that NP signals in
Bg, BY and rare K decays are possible.

4.2 Models that contribute to absorptive part of Bs—Bs mixing

From the discussion of anomalous CP-asymmetry in like-sign dimuons (§3.2) and the
measurements of lifetime difference and CP-phase in the By system (§3.3), NP that
contributes to the absorptive part of B—B, mixing is strongly indicated. A recent model-
independent fit [68] to these two measurements shows that the scenario with no NP
contribution to I'y, is severely disfavoured. Also, note that even if the tension of qﬁsj e
measurements with the SM reduces, as long as the dimuon asymmetry forces ¢¢! to be
large, the reconciliation of these measurements would need a large NP contribution to I';5.
Furthermore, this contribution will have to have a large complex part in such a scenario.
The models in which NP contributes significantly to I'|, could include third-generation
scalar leptoquarks that couple only to T among the leptons [69], models with extra Z’
bosons, or those with R-parity violating supersymmetry [70]. The only effective 4-Fermi
operator that is unconstrained enough to be able to contribute significantly to "5 is b —
stt [71]. Therefore, all such viable NP models predict enhanced By — tt and related
decays. Note that current data still allow the branching fraction B(B; — t7) ~ 5%.

4.3 MFV models with charged Higgs

If B — tv isindeed enhanced, it can be explained in MFV models with charged Higgs,
which can lead to an enhancement of

B(BT — thv,) , . m} 2
Ry = —(1—an?plB) | 9
B(Bt — ttv;)sm ( an 'BMer ©)
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where |V,;| used for the SM prediction should be determined only through the measure-
ments that are not influenced by NP: |V,;,/ V.|, Amg/Amyq, and sin28. This is indeed
what is done in the fit to the ‘universal unitarity triangle’, the so-called UUTfit [38]. The
20 range of the above ratio is 0.99 < R;, < 3.14. This implies that [38] (i) if the charged
Higgs is heavy, only small tan § can survive, and that too barely, while (ii) if the charged
Higgs is light, large tan B can explain the anomaly.

The constrained MSSM model (cMSSM) is one of the most studied models of the
MFV-type, which also has important implications for collider physics. It turns out that
the charged Higgs in cMSSM is necessarily heavy and as a result cMSSM cannot explain
the anomaly, though a small region in its parameter space can survive it to 2o [72], even
after combining the constraints from other low-energy data from the branching ratios
of B - utu~, B — K*y and the anomalous magnetic moment (g — 2) of muon.
Interestingly, this ‘golden’ region is still consistent with neutralino as the lightest super-
symmetric particle that will account for most of the dark matter in the Universe in the
R-parity conserving limit.

Note that though cMSSM survives the constraints from the low-energy data mentioned
above, it cannot explain the anomalously high branching ratio of B¥ — t+v. Mod-
els with a non-minimal Higgs sector, like the non-universal Higgs model (NUHM), can
increase the predicted value of R;, from unity [72]. However, given that the related decay
KT — ' has a rate consistent with the SM, one would also need an extra ingradient
that breaks universality of lepton couplings.

4.4 NP with new vector/axial vector operators

In the language of operator product expansion, it is convenient to parametrize NP in terms
of the coefficients of operators with different Lorentz structures. Then one can talk about
the contributions of vector/axial vector (VA), scalar/pseudoscalar (SP), or tensor (T) type
of NP. This allows us to explore the NP in a model-independent manner. While SM
already provides VA operators, the SP and T operators are completely new contributions.

The FCNC decays involving the b — suu transition allow us to express multiple
observables in terms of the coefficients of SP, VA and T operators. For example, one
may study the branching ratios of B — u*u~, B - Xsutu=, B - u u"y, B —
K™, and the forward-backward asymmetries in all of them (except By — utu™,
which has none). In addition, for B — K*u™ ™, apart from the branching ratio and
Agp, one also has the longitudinal polarization fraction f;, and the angular asymmetries
A(Tz) , Arr. The CP-asymmetries in the above observables, and the triple-product (TP)
asymmetries: Agm), A}? ), are also potential harbingers of NP [73-77].

Although SM already has VA operators, new VA operators as well as their interference
with the VA operators in the SM can give rise to significant deviations of the measure-
ments of some of the observables mentioned above. Indeed, if the indication for an
anomalous forward-backward asymmetry described in §3.6 is confirmed, it will mostly be
due to new VA interactions [78]. These interactions can interfere with the SM terms con-
structively or destructively, thus enhancing or suppressing the differential branching ratios
by up to factors of two. They also are able to enhance almost all the forward—backward
asymmetries in the » — s channels mentioned above [74], the notable exception being
Apg in B — Kutu~, where they cannot contribute.
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The CP asymmetries and the triple-product asymmetries mentioned above are vanish-
ingly small in the SM. These can be enhanced only if the new VA operators contribute, and
even given the current constraints, they can enhance these asymmetries to a few percent,
thus bringing them in the domain of observability [76].

4.5 NP with scalar/pseudoscalar/tensor operators

As mentioned in §3.5, the branching ratio of By — u™u™ is a potential candidate for
observing a NP signature. In addition, it can even identify the Lorentz structure of the NP.
In terms of the new SP, VA and T operators mentioned in §4.4, the branching ratio B, is

given as
2.2 5 £2 2
B (;F(Xem’/nBs fB,- B, %12 4mu
= ————5 IV, ViiI" [ = —=
641 mg,

4m>\|Rs—R.|° |Rp—R, 2m :
x{(l— 2“) S ’ TPy 5= (Cio+Ra—R}) }
mg_/ | mp ~+mg my+ms  mg

(10)

where Cj is the relevant SM Wilson coefficient and R(R’)s are the NP coupling coef-
ficients. Clearly, only scalar, pseudoscalar and axial vector couplings can contribute to
this quantity. The measurement of this branching ratio then is a direct probe of these NP
Lorentz structures, and especially of the SP contributions, since their contribution is not
suppressed in eq. (10) like that of the NP axial vector operators.

The upper bound on 3, from the data constrains the contribution of SP operators to
the other related decay modes mentioned in §4.4, like B — X utu™, B — utu~y,
B — Kutp™ and B — K*u* ™. Therefore, the contributions of SP operators to these
decay modes are often not large enough to stand apart from the SM background. The
couplings of the T operators, on the other hand, are not as suppressed as those of the
SP operators. Therefore, they typically contribute significantly to the branching ratios of
these modes. However, the interference terms of these operators with the SM operators
often suffer from the m, /my, helicity suppression, and hence they tend to suppress the
magnitudes of the asymmetries.

The observable where SP and T operators should make their presence felt is the
forward-backward asymmetry in B — K"~ [79]. This quantity identically vanishes
in the SM, since the hadronic matrix element for the B — K transition does not have
any axial-vector contribution. As a consequence, the presence of only new VA operators
is not enough to give rise to a non-zero Agg. Both the SP and T operators, however, can
perform this task. Moreover, while the SP operators can lead to an enhancement in the
low-¢q” region, the T operators can do so in the high-¢? region. In the optimistic scenario,
it may be possible to identify the source of NP as effective SP or T operators.

5. Concluding remarks

Flavour physics has always been a window to the particle physics beyond the known, and
has a track record of predicting new particles as well as interactions during the construction
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phase of the SM. It has also served as a magnifying glass, in precision measurements of
the SM and in trying to find cracks in the edifice, looking for NP. SM has survived the
scrutiny so far, and the indirect bounds obtained on NP through flavour data are now
getting significant enough to compete with the direct bounds from searches at the high-
energy colliders.

In the last few years, there have been some tantalizing results that showed a deviation
from the SM. Most of them have been within the 2o level, that is, consistent with a
statistical fluctuation, taken individually. When combined, they sometimes give a stronger
signal, as in the case of sin28 and B(B™ — t™v), or in the case of dimuon asymmetry
and the angular distribution in By — J /Y ¢. The former, when combined with the data on
K decays, could point to non-universal leptonic coupling that will contribute to b — drzv,
but not to s — duv. Of course all these speculations would be practically relevant only
when the deviations from the SM are confirmed to a much higher statistically significant
level.

The anomalies that stand out are the isospin asymmetry in the CP-violationin B — K
decays, which is about 5.80 away from the SM prediction, and the CP-asymmetry in
like-sign dimuons, which is about 3.90. While the former anomaly may be attributed
to uncertainties in the theoretical calculations, it is more difficult to dismiss the latter
one. If this anomaly is indeed confirmed, it points to a very specific kind of NP models:
those that contribute to the absorptive part of the B,—B, mixing, which can come only
from effective b — st 1 operators. Note that here again one needs non-universal leptonic
couplings, since the effective b — suu operators are already highly constrained. The
measurements of modes like B — 7t are crucial in this context.

Hadronic uncertainties in heavy-flavour physics have been the bane of many a hint of
NP. On the other hand, the strength of heavy-flavour physics is the availability of many
complementary channels that probe the same parameters in the effective low-energy the-
ory. This is amply exemplified in the observables involving the FCNC process b — s .
The ever-increasing quantity of data should enable such correlated analyses of multiple
related modes, even those that are even now referred to as ‘rare’.

The hero of the flavour-physics saga has been data, always data. We are at the mercy
of data. May we live in exciting times.
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