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Theoretical challenges for flavor physics
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Abstract. We discuss some highlights of the FCC-ee flavor physics program. It will help to explore various
aspects of flavor physics: to test precision calculations, to probe nonperturbative QCD methods, and
to increase the sensitivity to physics beyond the standard model. In some areas, FCC-ee will do much
better than current and near-future experiments. We briefly discuss several probes that can be relevant
for maximizing the gain from the FCC-ee flavor program.

1 Introduction

The goal of the FCC-ee program in its tera-Z phase is to produce about 5 × 1012 Z decays (per experiment), which
will greatly improve precision electroweak tests of the standard model (SM). These decays will yield about 1012 bb̄
and cc̄ pairs, as well as a large and clean sample of τ+τ− pairs. Using these data, the FCC-ee can shed light on open
issues in flavor physics. The flavor physics capabilities of circular e+e− colliders were recently reviewed in Refs. [1,2].

There are several ways the FCC-ee can probe flavor physics: by directly producing heavy particles (Z, W , and t)
and studying their properties, or by making highly sensitive measurements of decays of hadrons. Using the production
of the gauge bosons, we can directly probe the flavor structure of their couplings. For example, by measuring Z
decays we can test flavor universality to very high precision both in the lepton and the quark sectors. Moreover,
collecting 108 WW pairs would yield a qualitatively new determination of |Vcb| fromW → bc̄ decays, with 0.3%– 0.4%
uncertainty [3,4]. Such a determination will be independent of |Vcb| measurements in B decays. (The statistical
uncertainty of extracting |Vub| from W → bū is estimated around 5% [4], and would need to improve to be competitive
with anticipated prior results.) Also, collecting 1.5 ab−1 data near the tt̄ threshold yields a clean sample of 106 tt̄
events [1]. For some flavor-changing neutral-current (FCNC) top decays, t → {H,Z, γ} q, the sensitivity improves
compared to the HL-LHC.

In this brief essay we focus on other ways the FCC-ee can probe the flavor sector of the SM. We concentrate on
the tera-Z phase of the FCC-ee, and discuss its capability to shed light on open issues in flavor physics, especially on
bottom and charm quark physics. In particular, we aim to minimize the overlap with Refs. [1,2], and focus on less
often discussed physics topics, to show that the FCC-ee could be useful in many ways that are not yet fully developed.

In the next few years, the two main experiments in flavor physics will be LHCb and Belle II. (By LHCb we refer
throughout this article to all LHC experiments, as LHCb is expected to dominate most flavor physics measurements,
though in some modes ATLAS and CMS will also contribute significantly.) Each of them can teach us new things
about flavor physics, that are partly overlapping and partly complementary. The FCC-ee program will take place later,
and therefore it has to be viewed in light of earlier findings.

We do not know what the status of particle physics will be when the FCC-ee starts operating. If a deviation from
the SM is established before the FCC-ee starts, the physics program will be tuned to explore in detail that direction
of beyond standard model (BSM) physics. We assume in this review that no conclusive deviations from the SM will
be found before the FCC-ee. Under that assumption, besides the fact that the FCC-ee will provide a huge amount of
data, the point is to exploit the unique capabilities of the FCC-ee compared to LHCb [5] and Belle II [6].

The FCC-ee and Belle II share the clean environment provided by e+e− colliders. Compared to Belle II (with
50/ab), much more data is anticipated at the FCC-ee, by roughly a factor of 10 (see Table 7.1 in Ref. [1]). Moreover,
the FCC-ee also produces b-baryons and Bs mesons (Belle II can also produce Bs at the Υ (5S) resonance, but much
fewer than the FCC-ee, and cannot resolve Bs oscillations.) Concerning CP violation (CPV) in B decays, at the
FCC-ee the b and b̄ quarks hadronize independently (like at the LHC), while Belle II is an asymmetric collider in order
to study the time-dependence of the decays of correlated B mesons from Υ (4S) decays.

Compared to LHCb, there are important differences due to triggering. At the LHC, complex triggers make the
data sets manageable, while the FCC-ee (and also Belle II) can have a much more open trigger. For fully reconstructed
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decays to charged particles, the FCC-ee sensitivities will not be much better than at LHCb, so we focus on channels
which are hard for LHCb. Since efficiencies at LHCb depend hugely on the decay channels, one cannot make simple
comparisons based only on luminosity. The clean environment of the FCC-ee will result in much better sensitivities, for
example, for final states involving neutrinos or neutral mesons, that are not easily accessible at LHCb. Moreover, since
the initial state is CP symmetric at the FCC-ee, there are no production asymmetries. This eliminates a systematic
uncertainty at the LHC experiments, which may become important for some CP asymmetry measurements as their
sensitivities approach the per mille level.

Another important difference between the FCC-ee compared to both Belle II and the LHC is that quarks from Z
decays are highly polarized. In particular, the b and c quarks polarizations are very large. These large values make
studies that require polarization ideal for the FCC-ee.

2 Specific probes

2.1 CP violation and BSM physics in Bd,s meson mixing

Among the three types of CP violation, CPV in decay and CPV in the interference of decay with and without mixing
have been well established in many b hadron decays. However, CPV in mixing has only been observed in K0 mesons
so far. Due to the many more decay channels available in B0

d,s mesons, CPV in B mixing provides a complementary

probe of BSM [7]. It can be measured via the CP asymmetry in semileptonic B decays, ASL.
The current world averages for the Bd and Bs mesons are Ad

SL = −(2.1 ± 1.7) × 10−3 and As
SL = −(0.6 ±

2.8)× 10−3 [8], respectively. These uncertainties are well above the SM expectations, Ad
SL = −(4.7± 0.6)× 10−4 and

As
SL = (2.22± 0.27)× 10−5 [9]. (The theory uncertainties are subject to some recent discussions [10].) At the FCC-ee,

the achievable experimental uncertainty has been estimated to be about 2.5× 10−5 for both quantities [11,12], which
would allow a measurement of Ad

SL even at the SM level. These measurements would help probe BSM physics, as well
as help discriminate between models, should BSM physics be discovered in other processes.

In a large class of models, the dominant BSM physics effects in the flavor sector may be those that modify neutral
meson mixing amplitudes, while impacts on decay rates may be smaller. In addition to exploring specific models,
this is justified, or maybe even expected, from an effective field theory viewpoint. The scale of dimension-6 operators
contributing to neutral meson mixing is typically constrained to be higher by the data than the scales of operators
affecting decays. A recent analysis of future sensitivities observed that beyond the Belle II and LHCb data taking
in this decade, future improvements are hindered by the expected uncertainty of |Vcb| [12]. To go beyond current
expectations and reach the per mille level, not yet known theoretical progress would be needed.

2.2 CP violation in hadronic b decays

Measurements of CP asymmetries in b decays shaped our understanding that the breaking of CP symmetry observed
in hadron decays is due to a single complex parameter of the CKM matrix. Currently, there is a lot of effort at the
LHC and Belle II to test the CKM picture of CPV to much higher precision. The drive for this program is the fact that
some observables are theoretically extremely clean, and thus any experimental progress will improve the sensitivity
to BSM physics. At the same time, measurements of observables which can currently only be computed with large
theoretical uncertainties due to hadronic physics, provide us with information about QCD.

The FCC-ee is expected to deliver a very large and clean sample of b hadrons. It is anticipated that the uncertainties
of the CKM angle γ will reach about 0.004 rad, of β about 0.005, and of φs about 0.002 (see Table 7.3 of Ref. [1]).
While these are only modest improvements over what is expected from LHCb (with 300/fb), these observables relate
to measurements which can be done well at the LHC. To interpret measurements of β and φs with such precisions,
improvements in the theory are also needed to relate the results to parameters in the Lagrangian. The FCC-ee should
have greater advantages in modes containing neutrals, but few dedicated sensitivity studies exist so far. It will also
allow combining results from experiments in different environments, and thus with different systematic uncertainties.

While most probes of CPV use rate asymmetries (with or without time-dependence) one other way to probe CP
violation is to use angular distribution asymmetries. They are usually called “triple products”, which is an idea that
can be applied to many different angular distributions [13]. The FCC-ee can be used to measure many such modes. A
theoretical question is how clean information can be extracted from them. The result is sensitive to hadronic matrix
elements in a way similar to rate asymmetries. While it is interesting to measure them as a way to get insights into
QCD, it would be even more significant to find a way to cleanly probe also the underlying weak interactions in such
cases. The hope is that some progress in this direction will take place by the time the FCC-ee starts collecting data.
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2.3 Very rare decays

The FCC-ee will have unique capabilities to measure decay modes with large missing energy. These include decays
with neutrinos (or τ leptons) in the final state. The FCC-ee should also be able to measure electrons better than
LHCb. Both exclusive and inclusive measurements are interesting, as the experimental and theoretical uncertainties
are distinct, so they provide complementary probes of the underlying physics.

Prime examples are decays mediated by b → sνν̄ or b → sτ+τ− transitions, as well as their b → d counterparts.
While LHCb is well suited to measure B → K(∗0)µ+µ− with high precision, its b → d analogs, B → ρµ+µ− or
Bs → K(∗0)µ+µ− are much more challenging [14,15]. The FCC-ee is expected to be able to tackle these, as well as
B → K(∗0)τ+τ−, Λb → Λτ+τ− [1], B → K(∗)νν̄, Bs → φνν̄, and Λb → Λνν̄ decays, and maybe even B → π(ρ)νν̄.

The two-body decays B → ℓ+ℓ− are sensitive to particularly high scales among B decays, especially if BSM physics
alleviates the helicity suppression in the SM. From an effective theory point of view, these decays have some of the
highest mass-scale sensitivities, comparable to K → πνν̄. The FCC-ee is expected to be comparably sensitive to the
HL-LHC for the decays Bs,d → µ+µ−, but should be a lot more sensitive for Bs,d → e+e−, and measure Bs → τ+τ−

even at the SM level, B(Bs → τ+τ−) = (7.7± 0.5)× 10−7 [16] (with 80 events/exp/year [17]).

In many models inspired by the RK(∗) and R(D(∗)) anomalies hinting at lepton universality violation, there are
correlated deviations from the SM predictions in transitions mediated by operators with flavor structures bs̄ℓ+ℓ− and
bs̄νν̄, which makes these modes particularly interesting. If any of the anomalies become established, then searches
for b → sτµ, b → sτe, and similar modes would gain a lot in importance, since lepton universality violation in most
models also leads to lepton flavor violation. The not yet observed Bc → τ ν̄ decay, which the FCC-ee should be able to
measure [18], is impacted by many models that attempt to explain the R(D(∗)) anomaly. The challenge to precision
physics using Bc decays may be the knowledge of production rates. These decay modes are important even if the
current anomalies become less significant, as they are generic probes of many BSM scenarios [19] which treat the 3rd
generation differently from the 1st and 2nd.

In order to fully benefit from these measurements, precise SM calculations of these rates are needed. Regarding
the inclusive calculations, the operator product expansion will probably remain the main tool. The calculations for
exclusive decays will likely rely on lattice QCD, and new developments are needed to extend the calculations for
the full ranges of q2. Another significant challenge for lattice QCD calculations is to account for QED corrections
and isospin violation. These have been started to be addressed in limited contexts, and they will have to be included
more comprehensively [20]. Fully addressing electromagnetic corrections will necessitate dedicated interactions between
theorists and experimentalists, for example to refine Monte Carlo tools. The hope is that by the time data from FCC-ee
is available, the theoretical uncertainties may be below the anticipated experimental ones.

2.4 Polarized baryons and quarks

Many probes of flavor that can be done with mesons can also be done with baryons. In many cases, adding baryons
provide more statistics as well as a different set of systematics. There are, however, some ways baryons can probe
short-distance physics that cannot be done with mesons. In particular, baryons can be polarized, which is not the case
for the pseudoscalar mesons that are most often used to probe the weak interaction. The fact that b and c quarks in
Z decays are highly polarized, make polarization related physics well suited for the FCC-ee.

There are two aspects of polarization that can be exploited. First, by determining the polarization of the baryons,
we can learn about the polarization of the underlying quark, which can teach us about the production mechanism [21,
22]. In particular, it can teach us about the Dirac structure of the operator that creates them. That information is
washed out by hadronization into pseuduscalar mesons. (For example, if squarks are discovered, we would like to know
if they are the left- or the right-handed ones. One way to probe this is to measure the polarization of the quarks that
emerge from their decays.) In order to be able to use baryon polarization as a measure of the quark polarization, we
need to know how much of the quark polarizations is retained by the baryons. It was shown that this can be obtained
using top decays [22]. A generalization of that idea to Z decay is needed in order to fully exploit this method at the
FCC-ee. Moreover, comparing the two determinations is another interesting check of the SM.

Polarization is also required in order to explore the full structure of the weak decays of the quarks. The point is
that Λb baryons produced at the FCC-ee are highly polarized. The reason is that in Z → bb̄ the quarks are highly
polarized and based on data from LEP [23,24,25] and theoretical estimates [21,22], we expect an O(1) fraction of that
polarization to be retained by the Λb. Thus, we can have a very large sample of polarized Λb decays. For example,
looking for semileptonic Λb → Λcℓν decays with polarized Λb can test the handedness of the weak interaction in similar
ways that it is done with the Michel parameters in muon decays [26]. It can also be used to test the structure of FCNC
decays, like Λb → Λℓ+ℓ− [27]. Similar studied can be done for Λc decays [28].
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2.5 Exclusive hadronic Z decays

One way to learn about some nonperturbative aspects of QCD is to study meson productions in exclusive Z decays.
For example, the rate of Z → Xγ is sensitive to the light-cone distribution amplitude of the meson X [29]. This avenue
to probe these amplitudes is very promising theoretically, as the expansion parameter is 1/Q, where Q is the energy
carried by the hadron. Thus, using Z decays, we can get theoretical sensitivity that is absent in B decays. A promising
candidate for such decay is Z → J/ψγ, where the branching ratio is expected to be of O(10−7). Thus, at the FCC-ee,
we can hope to measure the rate with high precision.

The interest in these decays goes beyond QCD as they are closely related to decays of the form H → Xγ. Such
decays can probe the couplings of the Higgs to light quarks [30]. These couplings are very hard to measure, and
exclusive decays may be the best option. Thus, Z decays provide important calibration for these calculations.

Another unique opportunity of the FCC-ee is to look for FCNC Z decays, e.g., Z → Bsγ or Z → Bsµ
+µ−. In

the SM such decay rates are expected to be suppressed compared to Z → J/ψγ by roughly [|Vcb|/(16π
2)]2 ∼ 10−7,

resulting in branching ratios smaller than about 10−14, and thus too small to measure. Yet, one can envision a situation
where such rates are enhanced by some BSM physics. In many cases, such an enhancement is ruled out by rare Bs

and B decays. Yet, there could be cancellations between several contributions in B decays that is absent in Z decays.
While we are not aware of any model that predicts such an enhancement, the FCC-ee is unique in its ability to probe
directly such FCNC couplings of the Z boson that is not available from B decays. Theoretically, it would be interesting
to study decays like Z → B+K− or Z → B+K−γ to check if they can provide sensitivity to FCNC Z couplings.

2.6 Charm physics

CP violation in both charm mixing and decay are probes of QCD dynamics and BSM physics. In 2011, the LHCb hint
of a nearly 1% CP violation in D decays generated intense attention, since the central value was larger than what was
previously considered to be allowed in the SM [31,32,33,34]. In 2019 a smaller central value was established with more
than 5σ significance, ACP (K

−K+) − ACP (π
−π+) = −(1.54 ± 0.29) × 10−3 [35]. It is possible to accommodate this

result in the SM, but it requires hadronic enhancements compared to the available (model dependent) calculations. It
is expected that the FCC-ee will be able to measure many individual CP asymmetries with good precision, without
having to construct differences, like the one recently measured by LHCb.

The FCC-ee can probe many more observables that can teach us about CPV in the charm system. In particular,
we should be able to have many tests of the SM, as we briefly explain below. These tests can either confirm the picture
that there are large hadronic enhancements in certain channels, or will show that there is some BSM physics that is
significant in the D system.

The FCC-ee can provide many such measurements. In particular, the anticipated superb time resolution can make
them more precise than we can hope to get at the LHC and Belle II. Moreover, one problem for the LHC when it
attempts to probe very small CP asymmetries has to do with the production asymmetry between c and c̄, which can
only be controlled using other measurements. This issue is not there in the FCC-ee, as the production is symmetric.

While we cannot make precision calculations for charm CPV because of hadronic uncertainties, we are still able
to make rough predictions that can be tested. In particular, one can explore consequences of flavor SU(3) symmetry.
The point is that different observables arise at different orders of SU(3) breaking, and while we cannot calculate how
large this breaking is in specific matrix elements, it is typically of order 20%. Thus, by exploiting relations that hold
to higher order in SU(3) breaking, we can derive a pattern that can be used to probe the SM [36,37].

In particular, the SM predicts that to leading order in SU(3) breaking all the time-dependent CP asymmetries
are identical. Moreover, there are subsets of them that are identical to second order in the breaking. To test these
predictions, we need to have many different measurements, with uncertainties that are at the level of the anticipated
SU(3) symmetry breaking effects.

The situation can dramatically change if there is a theoretical breakthrough that enables the calculation of some
of the hadronic input needed for these observables. The prime candidate is lattice QCD, and while some preliminary
studies for the matrix elements relevant for ACP (K

−K+)−ACP (π
−π+) have started, it is yet unknown what can be

achieved for these observables.

3 Conclusions

Flavor physics is a mature field, with a lot of promising directions to probe BSM physics and QCD dynamics. It has
played critical roles in developing the SM, and provides some of the strongest constraints on BSM physics. The data
from the FCC-ee will be important in moving this program forward. The field of particle physics when the FCC-ee
starts may be rather different from where we are today, but it is clear that there are many ways FCC-ee can shed light
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on open questions in flavor physics after the end of the LHC and Belle II. In this short paper we tried to touch upon
some less frequently discussed areas, to show the breadth of topics where the FCC-ee can make a significant impact.

Some advances are needed in theoretical particle physics in order to take full advantage of the FCC-ee data.
Improvements are expected in lattice QCD, which will enable better control over hadronic uncertainties in certain
processes. We also anticipate new calculations of higher-order corrections to precision measurements. Theoretical
advances are also needed in understanding hadronic physics in some areas where we do not yet know how to make
progress using current effective field theory or lattice QCD methods. While we cannot guess how breakthroughs will
arise and what their scope may be (in terms of matrix elements that the novel methods can better calculate), large
new data sets in the past have always resulted in unexpected developments. Whatever the situation will be when data
from the FCC-ee is analyzed, we are going to learn significant new information about flavor physics from them.

Acknowledgements

We thank Stephane Monteil, Dean Robinson, and Marie-Helene Schune for helpful discussions. The work of YG is
supported in part by the NSF grant PHY1316222. ZL was supported in part by the Office of High Energy Physics of
the U.S. Department of Energy under contract DE-AC02-05CH11231.

References

1. FCC: A. Abada et. al., FCC Physics Opportunities, Eur. Phys. J. C79 (2019) 474. https://cds.cern.ch/record/
2651294.

2. CEPC Study Group: M. Dong et. al., CEPC Conceptual Design Report: Volume 2 – Physics \& Detector,
arXiv:1811.10545.

3. M.-H. Schune, “b-physics at FCC-ee.” Talk at the 3rd FCC Physics and Experiments Workshop, Jan. 2020, https://
indico.cern.ch/event/838435/contributions/3635812/attachments/1971221/3279502/FCCee_17Jan2020_v2.pdf.

4. P. Azzurri, “Flavor tagging in W decays.” Talk at the 4th FCC Physics and Experiments Workshop, Nov. 2020, https://
indico.cern.ch/event/932973/contributions/4059403/attachments/2140815/3607142/azzurriFCCeeWHF.pdf.

5. LHCb: R. Aaij et. al., Physics case for an LHCb Upgrade II – Opportunities in flavour physics, and beyond, in the
HL-LHC era, arXiv:1808.08865.

6. Belle-II: W. Altmannshofer et. al., The Belle II Physics Book, PTEP 2019 (2019) 123C01, [arXiv:1808.10567]. [erratum:
PTEP2020,no.2,029201(2020)].

7. S. Laplace, Z. Ligeti, Y. Nir, and G. Perez, Implications of the CP asymmetry in semileptonic B decay, Phys. Rev. D65

(2002) 094040, [hep-ph/0202010].
8. HFLAV Collaboration: Y. S. Amhis et. al., Averages of b-hadron, c-hadron, and τ -lepton properties as of 2018,

arXiv:1909.12524.
9. T. Jubb, M. Kirk, A. Lenz, and G. Tetlalmatzi-Xolocotzi, On the ultimate precision of meson mixing observables, Nucl.

Phys. B915 (2017) 431–453, [arXiv:1603.07770].
10. A. Lenz, M. L. Piscopo, and C. Vlahos, Renormalization scale setting for D-meson mixing, Phys. Rev. D 102 (2020)

093002, [arXiv:2007.03022].
11. S. Monteil, “Flavours at FCC-ee: beyond CDR studies with plans for the short / middle terms.” Talk at the 4th FCC

Week, Brussels, June 2019, https://indico.cern.ch/event/727555/contributions/3467537/attachments/1870013/
3076707/FCC_Brussels_Flavours_monteil.pdf.

12. J. Charles, S. Descotes-Genon, et. al., New physics in B meson mixing: future sensitivity and limitations, Phys. Rev.
D102 (2020) 056023, [arXiv:2006.04824].

13. G. Durieux and Y. Grossman, Probing CP violation systematically in differential distributions, Phys. Rev. D 92 (2015)
076013, [arXiv:1508.03054].

14. LHCb: R. Aaij et. al., Evidence for the decay B0
s → K

∗0
µ+µ−, JHEP 07 (2018) 020, [arXiv:1804.07167].

15. M.-H. Schune, Private communications.
16. C. Bobeth, M. Gorbahn, et. al., Bs,d → l+l− in the Standard Model with Reduced Theoretical Uncertainty, Phys. Rev.

Lett. 112 (2014) 101801, [arXiv:1311.0903].
17. D. Hill, “First steps with flavour physics studies at FCC-ee.” Talk at the 4th FCC Physics and Experiments Workshop,

Nov. 2020, https://indico.cern.ch/event/932973/contributions/4080502/attachments/2142396/3610917/FCC_
workshop_Nov_2020.pdf.

18. Y. Amhis, C. Helsens, D. Hill, and O. Sumensari, Prospects for B+
c → τ+ντ at FCC-ee, arXiv:2105.13330.

19. A. G. Cohen, D. B. Kaplan, and A. E. Nelson, The More minimal supersymmetric standard model, Phys. Lett. B388

(1996) 588–598, [hep-ph/9607394].
20. C. Sachrajda, “Challenges for precision lattice flavour physics.” Talk at the workshop Towards the Ultimate Precision in

Flavour Physics, University of Warwick, Apr. 2018, https://indico.cern.ch/event/694666/contributions/2916436/
attachments/1633240/2604768/Sachrajda_TUPIFP.pdf.

https://cds.cern.ch/record/2651294
https://cds.cern.ch/record/2651294
http://arxiv.org/abs/1811.10545
https://indico.cern.ch/event/838435/contributions/3635812/attachments/1971221/3279502/FCCee_17Jan2020_v2.pdf
https://indico.cern.ch/event/838435/contributions/3635812/attachments/1971221/3279502/FCCee_17Jan2020_v2.pdf
https://indico.cern.ch/event/932973/contributions/4059403/attachments/2140815/3607142/azzurriFCCeeWHF.pdf
https://indico.cern.ch/event/932973/contributions/4059403/attachments/2140815/3607142/azzurriFCCeeWHF.pdf
http://arxiv.org/abs/1808.08865
http://arxiv.org/abs/1808.10567
http://arxiv.org/abs/hep-ph/0202010
http://arxiv.org/abs/1909.12524
http://arxiv.org/abs/1603.07770
http://arxiv.org/abs/2007.03022
https://indico.cern.ch/event/727555/contributions/3467537/attachments/1870013/3076707/FCC_Brussels_Flavours_monteil.pdf
https://indico.cern.ch/event/727555/contributions/3467537/attachments/1870013/3076707/FCC_Brussels_Flavours_monteil.pdf
http://arxiv.org/abs/2006.04824
http://arxiv.org/abs/1508.03054
http://arxiv.org/abs/1804.07167
http://arxiv.org/abs/1311.0903
https://indico.cern.ch/event/932973/contributions/4080502/attachments/2142396/3610917/FCC_workshop_Nov_2020.pdf
https://indico.cern.ch/event/932973/contributions/4080502/attachments/2142396/3610917/FCC_workshop_Nov_2020.pdf
http://arxiv.org/abs/2105.13330
http://arxiv.org/abs/hep-ph/9607394
https://indico.cern.ch/event/694666/contributions/2916436/attachments/1633240/2604768/Sachrajda_TUPIFP.pdf
https://indico.cern.ch/event/694666/contributions/2916436/attachments/1633240/2604768/Sachrajda_TUPIFP.pdf


6 Yuval Grossman, Zoltan Ligeti: Theoretical challenges for flavor physics

21. A. F. Falk and M. E. Peskin, Production, decay, and polarization of excited heavy hadrons, Phys. Rev. D49 (1994)
3320–3332, [hep-ph/9308241].

22. M. Galanti, A. Giammanco, et. al., Heavy baryons as polarimeters at colliders, JHEP 11 (2015) 067, [arXiv:1505.02771].
23. ALEPH: D. Buskulic et. al., Measurement of Λb polarization in Z decays, Phys. Lett. B 365 (1996) 437–447.
24. OPAL: G. Abbiendi et. al., Measurement of the average polarization of b baryons in hadronic Z0 decays, Phys. Lett. B

444 (1998) 539–554, [hep-ex/9808006].
25. DELPHI: P. Abreu et. al., Λb polarization in Z0 decays at LEP, Phys. Lett. B 474 (2000) 205–222.
26. A. V. Manohar and M. B. Wise, Inclusive semileptonic B and polarized Λb decays from QCD, Phys. Rev. D 49 (1994)

1310–1329, [hep-ph/9308246].
27. D. Das and R. Sain, Polarized Λb baryon decay to pπ and a dilepton pair, arXiv:2011.04595.
28. S. de Boer and G. Hiller, Rare radiative charm decays within the standard model and beyond, JHEP 08 (2017) 091,

[arXiv:1701.06392].
29. Y. Grossman, M. Konig, and M. Neubert, Exclusive Radiative Decays of W and Z Bosons in QCD Factorization, JHEP

04 (2015) 101, [arXiv:1501.06569].
30. G. Perez, Y. Soreq, E. Stamou, and K. Tobioka, Constraining the charm Yukawa and Higgs-quark coupling universality,

Phys. Rev. D92 (2015) 033016, [arXiv:1503.00290].
31. G. Isidori, J. F. Kamenik, Z. Ligeti, and G. Perez, Implications of the LHCb Evidence for Charm CP Violation, Phys.

Lett. B711 (2012) 46–51, [arXiv:1111.4987].
32. J. Brod, A. L. Kagan, and J. Zupan, Size of direct CP violation in singly Cabibbo-suppressed D decays, Phys. Rev. D86

(2012) 014023, [arXiv:1111.5000].
33. D. Pirtskhalava and P. Uttayarat, CP Violation and Flavor SU(3) Breaking in D-meson Decays, Phys. Lett. B712 (2012)

81–86, [arXiv:1112.5451].
34. J. Brod, Y. Grossman, A. L. Kagan, and J. Zupan, A Consistent Picture for Large Penguins in D → π+π−, K+K−,

JHEP 10 (2012) 161, [arXiv:1203.6659].
35. LHCb: R. Aaij et. al., Observation of CP Violation in Charm Decays, Phys. Rev. Lett. 122 (2019) 211803,

[arXiv:1903.08726].
36. A. L. Kagan and L. Silvestrini, Dispersive and absorptive CP violation in D0 −D0 mixing, Phys. Rev. D 103 (2021)

053008, [arXiv:2001.07207].
37. Y. Grossman and Z. Ligeti, In preparation.

http://arxiv.org/abs/hep-ph/9308241
http://arxiv.org/abs/1505.02771
http://arxiv.org/abs/hep-ex/9808006
http://arxiv.org/abs/hep-ph/9308246
http://arxiv.org/abs/2011.04595
http://arxiv.org/abs/1701.06392
http://arxiv.org/abs/1501.06569
http://arxiv.org/abs/1503.00290
http://arxiv.org/abs/1111.4987
http://arxiv.org/abs/1111.5000
http://arxiv.org/abs/1112.5451
http://arxiv.org/abs/1203.6659
http://arxiv.org/abs/1903.08726
http://arxiv.org/abs/2001.07207

	1 Introduction
	2 Specific probes
	3 Conclusions

