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A new era of precision
• It’s a cliche, but we will be entering into a new era of precision.
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#b-hadrons 
 produced

106

109

1012

1015

• At ATLAS and CMS, 109 B-hadrons (B-factory dataset) will be produced every ~20 
seconds.

! !

!"#$%&$'"()%"*%+"+"#%",&%+$--$
./0%1$#)23,4

5,/6$#)/*(%37%8"#9/':
3,%;$2"-7%37%*2$%+"+"#%<%+$--$%'3--";3#"*/3,)

=>?@ABC4%BD*2%E$F*$0;$#%@ABC

  

!"#$%&$'"()%"*%+"+"#%",&%+$--$
./0%1$#)23,4

5,/6$#)/*(%37%8"#9/':
3,%;$2"-7%37%*2$%+"+"#%<%+$--$%'3--";3#"*/3,)

=>?@ABC4%BD*2%E$F*$0;$#%@ABC

2000-2008 2010-2018 2020-2025 2026-2036

LHC run II



How are we going to cope?
• More difficult to reconstruct secondary vertices and trigger efficiently in a high 

pile-up environment.


• Approx 1      produced in each bunch crossing.


• Need more complicated information available earlier in the trigger.
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Fig. 14: CMS ct uncertainty distribution in 2012 data (blue) and HL-LHC Monte Carlo (red) samples
(taken from [132]).

The�s measurement is usually illustrated as a constraint in the�s-!" s plane. Fig.16summarises
the projected contours in the!" s vs 's plane for the ATLAS, CMS and LHCb experiments, with the
CMS systematic uncertainty on!" s assumed to be equal to the statistical uncertainty and an ATLAS
estimated systematic uncertainty on the same parameter of approximately 0.0005 ps! 1. The red contour
in the Þgure illustrates the combined HL-LHC sensitivity, equivalent to! 2 mrad in 's and! 5 ps! 1
in !" s.

The expected LHCb precision on�cøcs
s after Upgrade II has been estimated based on the current

published results, assuming that the detector performance remains the same in the HL-LHC period.
Because of the data-driven nature of the LHCb analysis systematic uncertainties are expected to scale
with luminosity and the overall sensitivity is expected to be! 4 mrad. This will be at the same level as
the current precision on the indirect determination based on the CKM Þt using tree-level measurements
(this in turn is expected to improve with better measurements of the other CKM matrix parameters).
Fig.17(left) shows the signal-yield asymmetry as a function of theB 0

s decay time, folded at the frequency
of B 0

s oscillations, forB 0
s " J/ � decays from a simulated data set corresponding to300fb! 1, and

clearly shows that a visibleCP-violation effect will be observable.

2.5.8.2 Projections for otherb " cøcs transitions

LHCb foresees extending the study ofb " cøcs transitions to cover multiple independent precision
measurements. It permits not only improved precision of the average, but a powerful consistency check
of the SM. One important way in which this can be done is by allowing independentCP-violation effects
for each polarisation state in theB 0

s " J/ �. This has been done as a cross-check in the LHCb Run I
analysis [9], but this strategy will become the default in LHCb Upgrade II. Additional information can
be obtained fromB 0

s " J/ K + K ! decays withK + K ! invariant mass above the�(1020) meson,
where higher spinK + K ! resonances such asf "

2(1525)meson contribute [139]. Among other channels,
competitive precision can be obtained withB 0

s " J/ ⇡+ ⇡! decays [140], which have been found to
be dominated by theCP-odd component. TheB 0

s " D +
s D !

s [10] and B 0
s "  (2S)� [141] modes
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• Detector improvements will help mitigate, and some cases even improve 
upon the run I/II performance.
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Fig. 44: Left: comparison of the ATLAS invariant mass spectra for simulatedB 0
s ! µ+ µ! events

with the current (Run-2) and upgraded (ITk) detectors. A vertical line at theBd mass value is drawn
to visualize theBs-Bd signals separation. Middle and right plots: CMSB 0

s and B 0 invariant mass
distributions in the Run-2 and Phase-2 scenario respectively. TheB 0

s distribution is normalized to unity
and theB 0 distribution is normalized according to the SM expectation. CMS plots are taken from [1081].

B 0
s ! µ+ µ! in Phase-2 is evident; this will help to separate theB 0 signal from the tails of theB 0

s
signal,which now becomes a background for theB 0 measurement.

The LHCb detector is already well optimised for this decay, and planned improvements to the
tracking and muon detector shielding in LHCbÕs upgrades will ensure that the muon reconstruction and
identiÞcation performance does not degrade with increasing pileup. Both ATLAS and CMS make
HL-LHC extrapolations with a PU scenario of 200 interactions per bunch-crossing, which was found
not to have strong impact on the analysis performance. While the uncertainty onB(B 0 ! µ+ µ! )
remains statistically limited for HL-LHC projections (300 fb! 1/3 ab! 1), the projected uncertainty on
B(B 0

s ! µ+ µ! ) depends on the assumptions made for the systematic uncertainties. The current sys-
tematic uncertainty is dominated by sources external to the analysis, such as the relative uncertainty
associated with theb-quark fragmentation probability ratio,f s/f d [1082], followed by the branching
fractions of the normalisation modes and less signiÞcant systematics arising from internal analysis ef-
fects (e.g.,2% each from particle identiÞcation and track reconstruction in the case of LHCb, individual
efÞciencies in the case of ATLAS and CMS).

Systematic uncertainties are treated slightly differently in the projections of the three experiments.
ATLAS conservatively assumes in the HL-LHC projections that thef s/f d and the normalization modes
branching fraction uncertainties will be at the same level as previously used, i.e.,5.8% and3%, while
CMS and LHCb project them to be3.5%and1.4%, respectively, based on reasonable assumptions about
additional Belle II inputs and improvements in the knowledge of form-factor ratios and branching frac-
tion measurements. A more complete discussion of sensitivity projections and systematics therein from
ATLAS and CMS are presented in Refs [1083] and [1081]. For LHCb, the remaining experimental sys-
tematic uncertainties are already at the" 3percent level, and because they rely on data-driven corrections
from calibration samples they can be expected to be reduced to the" 1.4 percent level in Upgrade II.
The resulting HL-LHC projected statistical and systematic uncertainties for the three experiments are
summarized in table29; for the comparisons of the ATLAS, CMS and LHCb reaches (such as the one
carried out in Fig.47) , the reference scenarios considered are respectively the Ò3 ab! 1 IntermediateÓ, Ò3
ab! 1Ó and Ò300 fb! 1Ó.

At the end of the Upgrade II data taking period, LHCb assumes to achieve an overall uncertainty
on B(B 0

s ! µ+ µ! ) of about4.4%, which would imply an uncertainty onB(B 0
s ! µ+ µ! ) to be ap-

proximately0.30 # 10! 9 with 23 fb! 1 and0.16 # 10! 9 with 300fb! 1. The LHCb reach on the ratio
of branching fractionsB(B 0 ! µ+ µ! )/ B(B 0

s ! µ+ µ! ) is expected to remain limited by statistics and
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Figure 4.3: Simulated performance of two prospective Phase-II Upgrade VELO designs at 2! 1034 cm! 2s! 1

based on the Phase-I upgrade model: (a) ghost rate vs. pseudorapidity; (b) tracking e! ciency vs.
pseudorapidity; (c) IP resolution. Scenario 1 (black points) includes pixels with one quarter of the area
of the Phase-I pixels, and a reduced sensor thickness. Scenario 2 also includes removal of the RF foil
separating the VELO and beam vacua.

Improving PV misassociation with timing

PV matching vs. time resolution

! Mismatching increases with degrading time resolution as expected
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Approximate VELO upgrade performance

Jon Harrison (Manchester) VELO++ performance 07.04.16 26 / 29Figure 4.4: Fraction of b-hadron decays mismatched to the wrong PV as a function of the time resolution
per hit at a luminosity of 2 ! 1034 cm! 2s! 1. The horizontal dashed line shows the approximate performance
of the Phase-I Upgrade VELO at 2! 1033 cm! 2s! 1. The hit information used as input to the study is
obtained from a sample of simulated events assuming the layout of the Phase-I Upgrade VELO.

Radiation environment

The anticipated radiation ßuence at the silicon sensors could be maintained at levels where
current technologies achieve su! cient signal to noise ratios by increasing the inner radius from 5
to 11 mm, at the cost of a degradation in the impact parameter resolution, from 50% to 100%
depending on the track pseudorapidity. A better solution, from the point of view of physics
performance, would be to design Ôhot-swapÕ mechanics to allow the replacement of modules in the
end-of-year technical stops. The total number of modules in the Phase-I Upgrade VELO is only

23

LHCb Upgrade II EOI

CMS-PAS FTR-18-041
ATLAS-PHYS-PUB-2018-005

https://cds.cern.ch/record/2244311/files/PII_EoI_final_v3.pdf
http://cdsweb.cern.ch/record/2650772/files/FTR-18-041-pas.pdf
https://cds.cern.ch/record/2317211/files/ATL-PHYS-PUB-2018-005.pdf


What am I talking about
• Impossible to do the entire HL-LHC flavour physics programme justice in 

35+5 mins.


• I will try to focus on some important measurements which have unique 
benefits from the HL-LHC.


• New physics with beauty quarks and prospects for the anomalies.


• Unitarity triangle tests.


• New physics with the second generation.


• Hadron spectroscopy
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• Much of the content comes from WG4 of the HL-LHC report: 
arXiv:1812.07638

https://arxiv.org/abs/1812.07638


Rare B decays

• As they are rare, unlikely to hit systematic uncertainties. Excellent 
opportunities with the HL-LHC.


• Many observables have very precise SM predictions.
 5

Sensitive to NP heavier than machine energy.

B 0
s

W !
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H +
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øb

µ+
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s
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W

øu, øc,øt
! , Z 0

s

øb

µ+

µ!



• Precise prediction, limited by |Vcb|.


• Experimental uncertainties for Bs 
mode will be dominated by fs/fd.
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Fig. 47: B 0
s ! µ+ µ! andB 0 ! µ+ µ! branching ratios as computed using new sources of ßavour-

changing neutral currents, as discussed in Ref. [1087]. The green points are the subset consistent with
other measurements. The black cross point is the SM prediction, while the coloured contours show the
expected 1-sigma HL-LHC sensitivites of ATLAS, CMS, and LHCb.

performed the Þrst measurement of theB 0
s ! µ+ µ! effective lifetime using a dataset of 4.4 fb! 1, result-

ing in ! e!
µµ = 2 .04± 0.44± 0.05 ps[14] (Fig. 43, right). The relative uncertainty on! e!

µµ is expected to
decrease to approximately8%with 23 fb! 1 and2%with 300 fb! 1, being statistically limited.

The CMS sensitivity for a measurement of theB 0
s ! µ+ µ! effective lifetime is estimated using an

ensemble of pseudo-experiments generated with parameters reßecting the projected Phase-2 conditions.
The signal lifetime distribution for each pseudo-experiment is obtained using the sPlot technique [1088]
to separate out the background, and then Þtted with a model consisting of an exponential function,
convolved with a Gaussian function that describes the expected decay time resolution, and multiplied by
an efÞciency function that accounts for reconstruction effects. The outcome of such a pseudo-experiment
is shown in Fig.48. The effective lifetime is expected to be measured with a statistical precision of 3%
at 3000 fb! 1.

While the current experimental uncertainty is larger than for! B 0
sH

" ! B 0
sL

, a2" 3%uncertainty on

! e!
µµ would allow to set stringent constraints onAµµ

"# and in particular would allow to break the degeneracy
between any possible contribution from new scalar and pseudoscalar mediators.

Assuming a tagging power of about3.7% [9], a dataset of 300 fb! 1 allows LHCb to reconstruct
a pure sample of more than 100 ßavour-taggedB 0

s ! µ+ µ! decays (effective yield) and measure their
time-dependentCP asymmetry. From the relation

! (B 0
s (t) ! µ+ µ! ) " ! ( øB 0

s ! µ+ µ! )

! (B 0
s (t) ! µ+ µ! ) + ! ( øB 0

s ! µ+ µ! )
=

Sµµ sin(" mst)
cosh(yst/ ! B s

) + Aµµ
"# sinh(yst/ ! B s

)
, (100)

wheret is the signal proper time and" ms is the mass difference of the heavy and lightB 0
s mass eigen-

states,Sµµ can be measured with an uncertainty of about 0.2. The signal yield expected in a 23 fb! 1

dataset, on the other hand, is too low to allow a meaningful constraint to be set onSµµ . A nonzero value
for Sµµ would automatically indicate evidence ofCP-violating phases beyond the SM.

Being sensitive to a wider set of effective operators (O7, O9 andO10) [1089], theB 0
s ! µ+ µ! "

decay offers an interesting counterpart toB 0
s ! µ+ µ! . The theoretical branching fraction is expected to

133

N.B. the fs/fd uncert is more conservatively projected for ATLAS.

• Improvements to the mass 
resolution in CMS and ATLAS will 
help reduce correlation between B0 

and Bs0 modes.


• Plenty of points allowed by current 
measurements that can be probed.


B 0
(s) ! µ+ µ!
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arXiv:1812.07638

https://arxiv.org/abs/1812.07638
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• Only measure the difference in right and left-handed couplings 
with the branching fraction.

observables

• This LH/RH degeneracy can be broken 
by an effective lifetime measurement.


• Estimated precision of effective lifetime 
2-3% for both CMS/LHCb.


• LHCb expects ~ 100 perfectly tagged 
events for CP asymmetry 
measurement.


• Also interest in                          for the 
vector coupling.

B 0
(s) ! µ+ µ!
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Fig. 48: Projection of a background-subtracted proper decay time distribution, with Þt result overlaid,
with the CMS experiment and 3000 fb! 1. The estimated uncertainty in theB 0

s ! µ+ µ! effective
lifetime is obtained by Þtting an ensemble of corresponding pseudo-experiments. (The plot is taken
from [1081]).

be one order of magnitude larger than theB 0
s ! µ+ µ! one [1090], owing to the removal of the helicity

suppression, when integrated over the fullq2 spectrum. However, the presence of the photon makes the
direct reconstruction challenging at LHCb. No limit exist today on theB 0

s ! µ+ µ! ! channel, while the
B 0 ! µ+ µ! ! is limited at1 " 10! 7 at 90% CL by the BaBar experiment [1091].

Given the experimental difÞculty, two complementary techniques are employed for the study of
theB 0

s ! µ+ µ! ! decay at LHCb. The Þrst is a full reconstruction which is more sensitive at low and
mid q2, where the photon energy is higher, and the second, recently proposed in Ref. [833], without
photon reconstruction but only sensitive at highq2.

The only non-negligible partially reconstructed background is the not yet measuredBd ! µ+ µ! " 0,
whose branching fraction is theoretically estimated to be of the same order of magnitude as the signal.
The main difÞculty of the measurement is therefore the combinatorial background, because the uncer-
tainty on the photon momentum enlarges the signal width and blurs its kinematics. Based on current
reconstruction efÞciencies, the expected sensitivity at the end of Run 3 (Upgrade II) is# 9# (# 22#).
The use ofBs ! J/ $%andBd ! K "! as normalisation channels reduces the systematic uncertainties
due to the selection.

The partially reconstructed method consists of studying theB 0
s ! µ+ µ! ! decay as a shoul-

der on the left of theB 0
s ! µ+ µ! peak in the dimuon mass distribution. The SM contribution as

background has been considered negligible so far. Conversely, large branching fractions could be eas-
ily excluded [833] when considering this as an additional component. The SM branching fraction for
this region would be around2 " 10! 10, implying a Þrst observation would be possible with Run 3 and
certainly with Run 4 data, while extremely tight limits could already be determined with Run 2.

7.3.2 Measurements of b ! s`` from LHCb/ATLAS/CMS

7.3.2.1 Yield and systematics evolution

With the large data set that will be collected at the end of Run 5, it will be possible to make a precise
determination of the angular observables in narrow bins ofq2 or using aq2-unbinned approach [803,805];
LHCb foresees to achieve around 440 000 fully reconstructedB 0 ! K " 0µ+ µ! decays, CMS around
700 000 excluding theq2 range overlapping with the resonant decays [1092].
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• Access to many different operators.

• Most famous example of P5’ in the   
decay                      , sensitive to C9.

Semileptonic              decaysb ! s``
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Figure 1: Projected ATLAS HL-LHC measurement precision in theFL , P1, P!
4, P!

5, P!
6 andP!

8 parameters for the
intermediateµ10µ6 trigger scenario compared to the ATLAS Run 1 measurement. Alongside theory predictions
(CFFMPSV [19], DHMV [ 16], JC [20]) are also shown. Both the projected statistical and the total (statistical and
systematic) uncertainties are shown. While the HL-LHC toy-MC were generated with the DHMV central values of
theFL andP(!)

i parameters, in these plots the central values are moved to the ATLAS Run 1 measurement for better
visualization of the improvement in the precision.

This approach yields the HL-LHC systematic uncertainties shown in Table2. Compared to the statistical
uncertainties in Table1, this shows that the analysis is not dominated by the systematic uncertainties, with
few exceptions where at most the systematics is" 1.6# larger than the statistical precision. The HL-LHC
result is expected to beneÞt from less conservative estimates of the dominant systematic uncertainties, and
will thus likely be still limited by statistical uncertainties in all cases.

The projected statistical precision and the systematical uncertainties in measuring the angular parameters
in theB0

d $ K%µµ analysis at HL-LHC are presented in Figure1 and summarized in Table3.

6

• Expect around 500K signal(!). Unbinned 
analysis will help control contribution 
from charmonium resonances, which 
contaminate theoretical interpretation.
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Fig. 49: Total experimental sensitivity, including systematics, at LHCb to theP!
5 angular observable in

the SM, Scenarios I and II for the Run 3 (left) and the Upgrade II (right) data sets. The sensitivity is
computed assuming that the charm-loop contribution is determined from the data.
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unchanged. The corresponding statistical and total uncertainties onP!
5 are shown in the lower two pads

of Fig. 51.

The analysis in narrowq2 bins provides a better determination of theP!
5 parameter shape which

will allow for testing theoretical predictions. The CMS available projection is for the singleP!
5 angular

parameter; with the foreseen HL-LHC statistics, CMS will have the capability to perform a full angular
analysis of theB 0 ! K " 0µ+ µ# decay mode.

Furthermore, with large data sets expected at the HL-LHC it will be possible for the LHC ex-
periments to probeB ! V "+ "# SM contributions, under the premise that a genuine NP contribution is
expected to have noq2 dependence, while, e.g., a charm loop contribution is expected to grow when
approaching the pole of the charmonia resonances. A measurement using Breit-Wigner functions to
parametrise the resonances, and their interference with the short-distance contributions to the decay, was
proposed in Ref. [804]. A similar technique has already been applied by LHCb to the Run-1 data for the
B + ! K + µ+ µ# decay [1110]. An alternative approach using additional phenomenological inputs has
also been proposed [1111]. Such a combination of phenomenological and experimental methods may
improve our knowledge of the charm-loop contribution and form factors, which would allowCµ
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parameter; with the foreseen HL-LHC statistics, CMS will have the capability to perform a full angular
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proposed in Ref. [804]. A similar technique has already been applied by LHCb to the Run-1 data for the
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also been proposed [1111]. Such a combination of phenomenological and experimental methods may
improve our knowledge of the charm-loop contribution and form factors, which would allowCµ
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• ATLAS, CMS and LHCb all expect to 
significantly improve sensitivity with the 
HL-LHC.
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Fig. 51: Projected statistical (hatched regions) and total (open box) uncertainties on the CMSP 0
5 param-

eter versusq2 in the Phase-2 scenario at 3000 fb�1. The CMS Run-1 measurement ofP 0
5 is also shown

by circles with inner vertical bars representing the statistical uncertainties and outer vertical bars repre-
senting the total uncertainties. The vertical shaded regions correspond to theJ/ and 0 resonances.
The two lower pads represent the statistical (upper pad) and total (lower pad) uncertainties with the Þner
q2 binning. (The plot is taken from [1092]).

to be determined with great precision inb ! sµµ transitions.

7.3.3 Measurements ofb ! dll

Thanks to LHCbÕs particle identiÞcation capabilities, the Upgrade II data set will provide a unique oppor-
tunity to make precise measurements ofb ! d`` processes. Using the Run 1 and 2 data sets, LHCb data
have been used to observe the decaysB+ ! ⇡+ µ+ µ� [1112,1113] and⇤0

b ! p⇡�µ+ µ� [1114], and to
Þnd evidence for the decaysB0 ! ⇡+ ⇡�µ+ µ� (in a⇡+ ⇡� mass region that is expected to be dominated
by B0 ! ⇢0µ+ µ�) andB0

s ! K⇤0µ+ µ� [1115] with branching fractions at theO(10�8) level. The ex-
isting data samples compriseO(10) decays in these decay modes. The upgrade will provide samples of
thousands, or tens of thousands of such decays. The ability to measure the properties of these processes
depends heavily on the PID performance of the LHCb subdetectors. In the case of theB0

s ! K⇤0µ+ µ�

decay, excellent mass resolution is also critical to separateB0
s andB0 decays.

The ratio of branching fractions between the CKM-suppressedb ! d`` transitions and their
CKM-favouredb ! s`+ `� counterparts, together with theoretical input on the ratio of the relevant form
factors, enables the ratio of CKM elements|Vtd |/|Vts | to be determined. The precision on|Vtd |/|Vts |
from such decays is dominated at present by the statistical uncertainty on the experimental measurements
of B+ ! ⇡+ µ+ µ�, and is much less precise than the determination from mixing measurements. The
theoretical uncertainty at high-q2 is at the level of4% and is expected to improve with further progress
on the form factors from lattice QCD [1116]. Around 17 000B+ ! ⇡+ µ+ µ� decays are expected in the
full 300 fb�1 dataset, allowing an experimental precision better than2%.
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5 param-

eter versusq2 in the Phase-2 scenario at 3000 fb" 1. The CMS Run-1 measurement ofP !
5 is also shown

by circles with inner vertical bars representing the statistical uncertainties and outer vertical bars repre-
senting the total uncertainties. The vertical shaded regions correspond to theJ/ ! and! ! resonances.
The two lower pads represent the statistical (upper pad) and total (lower pad) uncertainties with the Þner
q2 binning. (The plot is taken from [1092]).

to be determined with great precision inb ! sµµ transitions.

7.3.3 Measurements ofb ! dll

Thanks to LHCbÕs particle identiÞcation capabilities, the Upgrade II data set will provide a unique oppor-
tunity to make precise measurements ofb ! d"" processes. Using the Run 1 and 2 data sets, LHCb data
have been used to observe the decaysB + ! #+ µ+ µ" [1112,1113] and$ 0

b ! p#" µ+ µ" [1114], and to
Þnd evidence for the decaysB 0 ! #+ #" µ+ µ" (in a#+ #" mass region that is expected to be dominated
by B 0 ! %0µ+ µ" ) andB 0

s ! K #0µ+ µ" [1115] with branching fractions at theO(10" 8) level. The ex-
isting data samples compriseO(10) decays in these decay modes. The upgrade will provide samples of
thousands, or tens of thousands of such decays. The ability to measure the properties of these processes
depends heavily on the PID performance of the LHCb subdetectors. In the case of theB 0

s ! K #0µ+ µ"

decay, excellent mass resolution is also critical to separateB 0
s andB 0 decays.

The ratio of branching fractions between the CKM-suppressedb ! d"" transitions and their
CKM-favouredb ! s"+ "" counterparts, together with theoretical input on the ratio of the relevant form
factors, enables the ratio of CKM elements|Vtd |/ |Vts | to be determined. The precision on|Vtd |/ |Vts |
from such decays is dominated at present by the statistical uncertainty on the experimental measurements
of B + ! #+ µ+ µ" , and is much less precise than the determination from mixing measurements. The
theoretical uncertainty at high-q2 is at the level of4% and is expected to improve with further progress
on the form factors from lattice QCD [1116]. Around 17 000B + ! #+ µ+ µ" decays are expected in the
full 300 fb" 1 dataset, allowing an experimental precision better than2%.
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• Easy to forget that there are many K*µµ observables which are 
very theoretically clean.

Its not all about P5Õ

W. Altmannshofer et al, Eur. Phys. J. C (2013) 73: 2646
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Fig. 9 Predictions for the CP asymmetriesA7, A8 andA9 as func-
tion of the di-muon invariant mass squaredq2 in various scenarios that
address the observed discrepancies inB ! K" µ+ µ# . The values for

the Wilson coefÞcients corresponding to each scenario are indicated
explicitly in the plots. SM predictions for the CP asymmetries are neg-
ligibly small throughout the wholeq2 range

additional restrictions on new sources of CP violation, most
of the discussed NP contributions to the Wilson coefÞcients
are expected to be complex. Under the generic assumption
that the imaginary parts are of the same order as the real
parts, we can derive generic expectations for the CP asym-
metriesA7, A8 andA9, in the considered scenarios that ad-
dress the tensions in the data.8

8We explicitly checked that in all cases discussed below and shown in
Fig. 9, the presence of imaginary parts does not worsen the agreement
with the data signiÞcantly.

We provide simple approximate expressions for the T-
odd CP asymmetries at lowq2
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• Start to discriminate different NP scenarios (described in detail in 
the report).

Figure 4. Projected constraints in the
r̄ � h̄ plane from LHCb measurements
and lattice QCD calculations alone, after
300 fb�1 at the end of HL-LHC. From
Ref. [4].
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fraction Bs ! µ+ µ� and the angular observables from the decay B0 ! K⇤0µ+ µ� in the low-q2 region (e.g. P0
5). The reach

for generic new physics at tree-level is found to exceed 100 TeV, doubling the reach prior to the HL-LHC. An example of the
impact of new physics on the ratio of branching fractions B(Bd ! µ+ µ�)/ B(Bs ! µ+ µ�) is shown on the right of Fig. 5,
where a scatter plot of BSM models currently allowed by data is compared against the future 10% HL-LHC sensitivity.

Figure 5. Left: Potential HL-LHC sensitivity
to the Wilson coefficients C9 (vector current) and
C9 = �C10 (pure left-handed current),
combining LHCb, ATLAS and CMS. Right:
BR(B0

s ! µ+ µ�) vs. BR(B0
d ! µ+ µ�) in the

SM (black mark), and in sets of BSM models
with FCNC interactions consistent with current
data (green points). The coloured contours show
the expected 1 s.d. HL-LHC sensitivity of
ATLAS, CMS, and LHCb Upgrade II. See
Ref. [4] for details.
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3.3 Top FCNC
The top quark is characterized by its large mass and its O(1) coupling to the Higgs, quite distinct from any other SM fermion.
Studying top quark properties may shed light on the resolution of the SM flavour puzzle, or at least as to why one and only
one Yukawa coupling is large. BSM models addressing the hierarchy problem may thus well leave an imprint in the top quark
properties and decays. For instance, the top FCNCs, t ! cg,cZ,cg are null tests of the SM and are used as BSM probes.
The search for these transitions is typically statistics limited, and will greatly benefit from the HL-LHC statistics. Current
projections are shown in Table 3.

t ! gu t ! gc t ! qZ t ! gu t ! gc t ! Hq
3.8⇥10�6 3.2⇥10�5 2.4�5.8⇥10�5 8.6⇥10�6 7.4⇥10�5 10�4

Table 3. Projected reach for the 95%
C.L. limits on the branching ratio for
anomalous flavor changing top quark
couplings [1].

3.4 Probing new physics with 2 nd generation quarks and t leptons
Indirect CP violation in the charm system is predicted to be very small in the SM, O(10�4) or less. In the absence of new
physics contributions, the LHCb Upgrade II may well be the only facility with a realistic probability of observing it, reaching a
sensitivity of O(10�5). A full programme of direct CP-violation searches in charm will also be performed, with complementary
approaches and probing modes sensitive to both SM and new physics. Additionally, t lepton decays offer a rich landscape
to search for charged lepton flavour violation. The HL-LHC will be competitive with Belle-II in the t ! µµµ decay, with
ATLAS, CMS and LHCb all approaching O(10�9) sensitivity on the branching ratio.

3.5 Hadron spectroscopy and QCD exotica
The LHC has had a transformative impact on the field of hadron spectroscopy, but this is only the beginning of a new era of
measurements on the known states to determine their nature and opportunities for further particles to be observed. Due to
its ability to reconstruct and analyze all collisions in real-time, LHCb Upgrade II will be able to collect a unique dataset for
hadronic spectroscopy. This will enable a detailed and broad understanding of tetraquarks, pentaquarks, baryons containing
multiple heavy quarks, and other yet-to-be-discovered exotic hadrons. While not directly sensitive to BSM effects, these
measurements will play an important role in sharpening our understanding of QCD at the energy scales relevant for flavour
physics, and hence make an important contribution to the accurate interpretation of any observed BSM anomalies.

5

arXiv:1812.07638

Experimental sensitivities combining 
ATLAS, CMS and LHCb

https://arxiv.org/abs/1812.07638


Lepton universality tests

¥ SigniÞcant gains in precision for these measurements at the HL-LHC.

 10

¥ Lepton universality tests unlikely to run into theory issues anytime soon.

0.4 0.6 0.8 1 1.2

XR

LHCb Run 1

Scenario I
LHCb Upgrade II

Scenario II
LHCb Upgrade II

Scenario III
LHCb Upgrade II

Scenario IV
LHCb Upgrade II

  [1,6]KR

 [1,6]*
KR

[1,6] !R

Fig. 52: Projected sensitivity for theRK , RK ! andR! measurements in different NP scenarios with the
Upgrade II data set. The existing Run 1 measurements ofRK andRK ! are shown for comparison.

Table 31: Estimated yields ofb ! se+ e! andb ! de+ e! processes and the statistical uncertainty on
RX in the range1.1 < q2 < 6.0 GeV2/c 4 extrapolated from the Run 1 data. A linear dependence of the
bbproduction cross section on theppcentre-of-mass energy and unchanged Run 1 detector performance
are assumed. Where modes have yet to be observed, a scaled estimate from the corresponding muon
mode is used.

Yield Run 1 result 9 fb! 1 23 fb! 1 50 fb! 1 300 fb! 1

B + ! K + e+ e! 254± 29 [4] 1 120 3 300 7 500 46 000

B 0 ! K " 0e+ e! 111± 14 [5] 490 1 400 3 300 20 000

B 0
s ! ! e+ e! Ð 80 230 530 3 300

" 0
b ! pKe+ e! Ð 120 360 820 5 000

B + ! #+ e+ e! Ð 20 70 150 900

RX precision Run 1 result 9 fb! 1 23 fb! 1 50 fb! 1 300 fb! 1

RK 0.745± 0.090± 0.036[4] 0.043 0.025 0.017 0.007

RK ! 0 0.69± 0.11± 0.05 [5] 0.052 0.031 0.020 0.008

R! Ð 0.130 0.076 0.050 0.020

RpK Ð 0.105 0.061 0.041 0.016

R" Ð 0.302 0.176 0.117 0.047

in the ECAL (over signiÞcant backgrounds) and by the energy resolution. A reduced amount of material
before the magnet would reduce the amount of bremsstrahlung and hence would increase the electron
reconstruction efÞciency and improve the electron momentum resolution. Higher transverse granularity
would aid signal selection and help reduce the backgrounds. With a large number of primarypp colli-
sions, the combinatorial background will increase and will need to be controlled with the use of timing
information. However, the Run 1 data set indicates that it may be possible to tolerate a signiÞcant (i.e.,
larger than a factor two) increase in combinatorial backgrounds without destroying the signal selection

140

RK ( ! ) =
B(B ! K (! ) µ+ µ" )
B(B ! K (! ) e+ e" )

arXiv:1812.07638

¥ Allows to make precise 
measurements for several different 
hadron species - also discriminates 
between NP models.

¥ Maintaining the current calorimeter 
performance in a high multiplicity 
environment will be crucial.

https://arxiv.org/abs/1812.07638


decays

¥ Belle-II expects to make precise measurements for the R(D(*)) ratios.

¥ Expect precise results even with exotic decay modes.
 11

Lepton universality tests with                  were a surprise package in run I.
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Fig. 54: The projected absolute uncertainties onR(D ! ) andR(J/ ! ) from the current sensitivities (at
3 fb" 1) to 23 fb" 1, 50 fb" 1, and 300 fb" 1.

are expected using the Run 2 dataset. Preliminary studies show that a statistical sensitivity to" ! of
(20 ! 25)% is expected with these data, which would be reduced to" 15% with 23 fb" 1 and below
4% with 300 fb" 1. In the LHCb Upgrade II, the addition of timing information in the calorimeter will
be important to be able to study this combinatorial-background dominated decay; additionally, improved
downstream reconstruction would allow the use of downstream# decays, which make up more than2/ 3
of the total signal.

The$ b# ! " (# # (# p%" )%" )& decay presents a richer angular distribution, with dependence
to the photon polarisation in both the# angle (' " ) and proton angle (' p),

d "
d cos' " cos' p

$ 1 ! " ! " ! cos' " + " p,1/ 2 cos' p
!
" ! ! " ! cos' "

"
, (105)

but the lower( (pp# $ b), combined with a lower reconstruction efÞciency due to the presence of one
extra track, results in an order of magnitude fewer events than in the# 0

b case, making the increase of
statistics from the Upgrade II even more relevant. With a similar sensitivity to the photon polarisation to
that of# 0

b # # (# p%" )&, $ b# ! " & decays will allow this parameter to be probed with a precision of
40%and10%with 23and300 fb" 1, respectively.

7.3.7 Measurements ofb ! c!" including B c andb-baryon prospects

LHCb has made measurements ofR(D (! ) ) using both muonic () + # µ+ ** ) and hadronic () + #
%+ %" %+ * ) decays of the tau lepton [15, 16, 992]. Due to the presence of multiple neutrinos these de-
cays are extremely challenging to measure. The measurements rely on isolation techniques to suppress
partially reconstructed backgrounds,B meson ßight information to constrain the kinematics of the unre-
constructed neutrinos, and a multidimensional template Þt to determine the signal yield. Fig.54 shows
how the absolute uncertainties on the LHCb muonic and hadronicR(D ! ) measurements are projected to
evolve with respect to the current status. The major uncertainties are the statistical uncertainty from the
Þt, the uncertainties on the background modelling and the limited size of simulated samples. A major
effort is already underway to commission fast simulation tools. The background modelling is driven
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Fig. 55: Angular resolution for simulatedB ! D ! µ! (black) andB ! D ! " ! (red) decays, with" + !
µ+ !! . This demonstrates our ability to resolve the full angular distribution, with some level of statistical
dilution.

which places strong constraints on right-handed currents sometimes invoked to explain the inclusive-
exclusive tensions in that quantity. By the end of Run 3, it is expected that the relative uncertainty for
R(# +

c ) will reach below4%, and2.5% by the end of Upgrade II. A further exciting prospect is the
study ofb ! uµ! decays, which have been beyond experimental reach thus far. For example the decay
B + ! pøpµ! offers a clean experimental signature. Our capabilities with this decay could beneÞt from
the enhanced low momentum proton identiÞcation with the TORCH subdetector.

Meanwhile, theB +
c ! J/ $ " " ! decay is an entirely unique state among the ßavoured mesons as

the bound state of two distinct ßavors of heavy quark, and, through its abundant decays to charmonium
Þnal states, provides a highly efÞcient signature for triggering and reconstruction at high instantaneous
luminosities. Measurements ofB +

c ! J/ $ %! decays involve a trade-off between the approximately 100
times smaller production cross-section forB +

c verses the extremely efÞcientJ/ $ ! µ+ µ" signature in
the LHCb trigger. For illustration, in Run 1, LHCb reconstructed and selected 19 000B +

c ! J/ $ µ" !
decays, compared with 360 000B 0 ! D ! + µ" ! . This resulted in a measurement ofR(J/ $ ) = 0 .71±
0.17± 0.18[17]. As a result of the smaller production cross-section, the muonic measurements have large
backgrounds fromh! µ misidentiÞcation from the relatively abundantB ! J/ $ X h decays, whereX h
is any collection of hadrons, and so they are very sensitive to the performance of the muon system and
PID algorithms in the future. Here it is assumed that it will be possible to achieve similar performance
to Run 1 in the upgraded system.

To project the sensitivity forB +
c ! J/ $ " " ! based on Ref. [17], it is assumed that all the system-

atic uncertainties can be reduced with the size of the input data except for those that were assumed not
to scale with data for the previous predictions. For these, we assume that they can be reduced down until
they reach the same absolute size as the corresponding systematic uncertainties in the Run 1 muonic
R(D ! ) analysis. In addition, it is assumed that sometime in the 2020s lattice QCD calculations of the
form factors for this process will allow the systematic uncertainty due to signal form factors to be reduced
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µ+ !! . This demonstrates our ability to resolve the full angular distribution, with some level of statistical
dilution.
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study ofb ! uµ! decays, which have been beyond experimental reach thus far. For example the decay
B + ! pøpµ! offers a clean experimental signature. Our capabilities with this decay could beneÞt from
the enhanced low momentum proton identiÞcation with the TORCH subdetector.

Meanwhile, theB +
c ! J/ $ " " ! decay is an entirely unique state among the ßavoured mesons as

the bound state of two distinct ßavors of heavy quark, and, through its abundant decays to charmonium
Þnal states, provides a highly efÞcient signature for triggering and reconstruction at high instantaneous
luminosities. Measurements ofB +

c ! J/ $ %! decays involve a trade-off between the approximately 100
times smaller production cross-section forB +

c verses the extremely efÞcientJ/ $ ! µ+ µ" signature in
the LHCb trigger. For illustration, in Run 1, LHCb reconstructed and selected 19 000B +

c ! J/ $ µ" !
decays, compared with 360 000B 0 ! D ! + µ" ! . This resulted in a measurement ofR(J/ $ ) = 0 .71±
0.17± 0.18[17]. As a result of the smaller production cross-section, the muonic measurements have large
backgrounds fromh! µ misidentiÞcation from the relatively abundantB ! J/ $ X h decays, whereX h
is any collection of hadrons, and so they are very sensitive to the performance of the muon system and
PID algorithms in the future. Here it is assumed that it will be possible to achieve similar performance
to Run 1 in the upgraded system.

To project the sensitivity forB +
c ! J/ $ " " ! based on Ref. [17], it is assumed that all the system-

atic uncertainties can be reduced with the size of the input data except for those that were assumed not
to scale with data for the previous predictions. For these, we assume that they can be reduced down until
they reach the same absolute size as the corresponding systematic uncertainties in the Run 1 muonic
R(D ! ) analysis. In addition, it is assumed that sometime in the 2020s lattice QCD calculations of the
form factors for this process will allow the systematic uncertainty due to signal form factors to be reduced
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where B denotes the relative probability for a particular decay to occur. Recent mea-
surements [2Ð7] have shown a consistent enhancement of this ratio compared to the SM
prediction, which is due to a larger than expected tauonic decay rate. All of these analysis,
with the exception of Ref. [7], have reconstructed the! decay into the µ"" Þnal state.
This is the also the proposed! Þnal state for this project.

As well as measuring the ratio of the decay rate involving! leptons to the lighter
lepton generations, one can study how the Þnal state particles of the decay are distributed
in space. This is known as an angular analysis. The angular distribution of the Þnal
state particles reßects the spin of the particle mediating the decay. For example, a spin-0
particle (such as a Higgs boson) will result in an isotropic distribution of the! lepton and
neutrino whereas a spin-1 particle will result in the decay products being concentrated
in certain regions of space, owing the conservation of angular momentum in the decay.
Therefore, by measuring the angular distribution of the tauonic decay, one can determine
the spin of the particle mediating the interaction and di! erentiate between types of New
Physics models.

The decayB ! (D ! ! D#)$", where$represents any charged lepton, can be described
by three angles as shown in Fig. 2. Here%l is the angle between the$" system and the
charged lepton$ in the $" rest frame,%D is the angle between the excitedD ! meson and
the ground-stateD meson in theD ! rest frame and& is the angle between the planes
formed by the $" and D# systems.

z (!pD ! )

"

#

D

$

%

&D

&!

Figure 8: Kinematics of the øB ! D ! (! D ! )"ø#! decay. Angles are deÞned as in Ref. [10].

A Polarization vectors

In this paper we use the convention of Ref. [10] and deÞne the angles! ! ,! D and " as depicted
in Fig. 8. The helicity axis is chosen along theD ! momentum while the polarization vectors
of D ! (#) and the virtual vector boson (!#) are deÞned with lower indices as
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respectively. In theB-meson rest frame

q0 =
m2

B $ m2
D ! + q2

2mB
, ED ! =

m2
B + m2

D ! $ q2

2mB
. (58)
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Figure 2: Illustration of the kinematics of the decay B ! (D (! ) ! D ! )"#, where " represents
any charged lepton. Figure from Ref. [8].

By measuring the distribution for the tauonic decay in these angles, one can measure
observables which are sensitive to New Physics models. An example is the forward-
backward asymmetry,AFB , which is the asymmetry in the number of$ travelling forward
in the $" rest frame. As seen in Fig. 3,AFB can discriminate between vector (symmetric
under parity transformation) or axial-vector (anti-symmetric under parity transformation)
contributions. Examples of other angular observables in the literature can be found in
Refs [8Ð10].

2 Current status of the Þeld

Tree level semileptonic beauty quark decays into Þrst and second generation leptons,
such asB ! D ! µ" , have been well studied and have shown no deviation from SM
predictions [11]. For decays involving the third-generationtau lepton, constraints are

2
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Table 50: Expected precision forRD ( ! ) and P! (D ! ) at Belle II, given as the relative uncer-
tainty for RD ( ! ) and absolute forP! (D ! ). The values given are the statistical and systematic
errors respectively.

5 ab" 1 50 ab" 1

RD (± 6.0 ± 3.9)% (± 2.0 ± 2.5)%
RD ! (± 3.0 ± 2.5)% (± 1.0 ± 2.0)%

P! (D ! ) ± 0.18± 0.08 ± 0.06± 0.04
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Fig. 70: Expected Belle II constraints on theRD vs RD ! plane (left) and the RD ! vs P! (D ! )
plane (right) compared to existing experimental constraints from Belle. The SM predictions
are indicated by the black points with theoretical error bars. In the right panel, the NP
scenarios ÒScalarÓ, ÒVectorÓ and ÒTensorÓ assume contributions from the operatorsOS1 ,
OV1 and OT , respectively.

Future prospects. Based on the existing results from Belle and the expected statistical
and experimental improvements at Belle II, we provide estimates of the precision onRD ( ! )

and P! (D ! ) in Table 50 for two integrated luminosities. In Fig. 70, the expected precisions at
Belle II are compared to the current results and SM expectations. They will be comparable to
the current theoretical uncertainty. Furthermore, precise polarisation measurements,P! (D ! ),
and decay di! erentials will provide further discrimination of NP scenarios (see e.g. Refs. [216?
] for a detailed discussion). In the estimates forP! (D ! ), we take the pessimistic scenario that
no improvement to the systematic uncertainty arising from hadronic B decays with three
or more ! 0, " and # can be achieved. However, although challenging, our understanding of
these modes should be improved by future measurements at Belle II and hence the systematic
uncertainty will be further reduced. As shown in Fig. 68, the Belle analyses ofB ! D (! )$%!

largely rely on the EECL shape to discriminate between signal and background events. One
possible challenge at Belle II is therefore to understand the e! ects from the large beam-
induced background onEECL . From studies of B ! $%, shown earlier in this section,EECL

should be a robust observable.

the leptoquark model, a small deviation in RD ( ! ) from the SM prediction is favoured by the LHC
bound [270]

176/690
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Belle-II physics book

For example the polarisation of ! lepton, 
expected to precisely measured at Belle-II.

https://arxiv.org/search/hep-ph?searchtype=author&query=Becirevic%2C+D
https://arxiv.org/search/hep-ph?searchtype=author&query=Fajfer%2C+S
https://arxiv.org/search/hep-ph?searchtype=author&query=Nisandzic%2C+I
https://arxiv.org/search/hep-ph?searchtype=author&query=Tayduganov%2C+A
https://arxiv.org/abs/1812.07638
https://arxiv.org/abs/1808.10567


Lepton ßavour violation

¥ The golden channel                is expected at a 
sizeable rate for many NP models, including 
SUSY.

¥ Can probe this down to the 10-9 level at the 
HL-LHC.

¥ Can conÞrm and complement the sensitivity at 
Belle-II.
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¥ LHCb expects to improve the sensitivity 
to these decays by order and order of 
magnitude, e.g. 

¥ Naturally get LFV signatures from NP inducing LFU violation.

¥ Expect                 and                 signatures.

Glashow ,!Guadagnoli ,!Lane, 2014

b ! s! µ
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Fig. 37: ATLAS extrapolated CLs versus the! ! 3µ branching fraction, BR(! ! 3µ) for each of the
discussed scenarios in theW -channel (left) and HF-channel (right). The horizontal red line denotes the
90% CL. The limit is obtained from the intersection of the CLs and this line.

Table 24: Summary of the ATLAS expected 90% CL upper limit onB(! ! 3µ) for an assumed lu-
minosity of 3 ab! 1 of pp collisions at

"
s = 14 TeV in theW and Heavy Flavour (HF) channels, for

different signal and background yield scenarios.

Scenario W -channel HF-channel
90% CL UL [10! 9] 90% CL UL [10! 9]

ATLAS High 5.4 1
ATLAS Medium 6.2 2.3
ATLAS Low 13.5 6.4

10! 9 are derived in the HF-(W -)channel. In the case of CMS, the absence of tails in the signal trimuon
mass distribution, shown in Fig.36, demonstrates the robustness of the reconstruction even at the high
pileup (PU=200) of HL-LHC. The projected exclusion sensitivity in the absence of a signal isB(! !
3µ) < 3.7# 10! 9 at 90% CL, while the expected 5" -observation sensitivity isB(! ! 3µ) = 1 .1# 10! 8.
CMS studies focusing on! leptons originating fromW boson decays are ongoing.

Extrapolations based on the current LHCb! ! 3µ result [427] and assuming no detector or trigger
improvements show that, similarly to Belle II, CMS, and ATLAS, Upgrade II LHCb would also be able
to probe branching ratios down toO(10! 9). This will allow Upgrade II LHCb to independently conÞrm
any earlier Belle II discovery, or to signiÞcantly improve the combined limit.
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Figure 5.2: 68% (dark blue) and 95% (light blue) posterior probabilities of the NP shifts in
RD ! vs. ! RK . The experimental values at 1! (2! ) are indicated by the dark (light) coloured
bands.

Figure 5.3: Left: 68% (dark blue) and 95% (light blue) posterior probabilities ofB(" ! µ#) and
B(B + ! K + " + µ! ) from the global Þt. The black lines denote the 95% posterior probabilities
Þxing ! RK = " 0.3 (solid) and ! RK = " 0.2 (dashed). The red bands show the 90% CL
exclusion limits for these observables. Right: 68% (dark blue) and 95% (light blue) posterior
probabilities of B(" ! 3µ) and B(Bs ! " + µ! ) from the global Þt.
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Prospects for high p T signatures 
¥ The                and                anomalies have associated high pT signatures.

¥ The LFU ratios R(D(*)) in particular point towards TeV scale NP.

b ! c!"
<latexit sha1_base64="G1ybJTzZQn8HXkCzIQAJR1SM5FE=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cK9gOaUDbbabt0swm7m0IJ/SdePCji1X/izX/jts1BWx8MPN6bYWZelAqujed9O6WNza3tnfJuZW//4PDIPT5p6SRTDJssEYnqRFSj4BKbhhuBnVQhjSOB7Wh8P/fbE1SaJ/LJTFMMYzqUfMAZNVbquW5EApMQRgIUggQy67lVr+YtQNaJX5AqFGj03K+gn7AsRmmYoFp3fS81YU6V4UzgrBJkGlPKxnSIXUsljVGH+eLyGbmwSp8MEmVLGrJQf0/kNNZ6Gke2M6ZmpFe9ufif183M4DbMuUwzg5ItFw0yQeyv8xhInytkRkwtoUxxeythI6ooMzasig3BX315nbSuar5X8x+vq/W7Io4ynME5XIIPN1CHB2hAExhM4Ble4c3JnRfn3flYtpacYuYU/sD5/AEYvpKn</latexit><latexit sha1_base64="G1ybJTzZQn8HXkCzIQAJR1SM5FE=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cK9gOaUDbbabt0swm7m0IJ/SdePCji1X/izX/jts1BWx8MPN6bYWZelAqujed9O6WNza3tnfJuZW//4PDIPT5p6SRTDJssEYnqRFSj4BKbhhuBnVQhjSOB7Wh8P/fbE1SaJ/LJTFMMYzqUfMAZNVbquW5EApMQRgIUggQy67lVr+YtQNaJX5AqFGj03K+gn7AsRmmYoFp3fS81YU6V4UzgrBJkGlPKxnSIXUsljVGH+eLyGbmwSp8MEmVLGrJQf0/kNNZ6Gke2M6ZmpFe9ufif183M4DbMuUwzg5ItFw0yQeyv8xhInytkRkwtoUxxeythI6ooMzasig3BX315nbSuar5X8x+vq/W7Io4ynME5XIIPN1CHB2hAExhM4Ble4c3JnRfn3flYtpacYuYU/sD5/AEYvpKn</latexit><latexit sha1_base64="G1ybJTzZQn8HXkCzIQAJR1SM5FE=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cK9gOaUDbbabt0swm7m0IJ/SdePCji1X/izX/jts1BWx8MPN6bYWZelAqujed9O6WNza3tnfJuZW//4PDIPT5p6SRTDJssEYnqRFSj4BKbhhuBnVQhjSOB7Wh8P/fbE1SaJ/LJTFMMYzqUfMAZNVbquW5EApMQRgIUggQy67lVr+YtQNaJX5AqFGj03K+gn7AsRmmYoFp3fS81YU6V4UzgrBJkGlPKxnSIXUsljVGH+eLyGbmwSp8MEmVLGrJQf0/kNNZ6Gke2M6ZmpFe9ufif183M4DbMuUwzg5ItFw0yQeyv8xhInytkRkwtoUxxeythI6ooMzasig3BX315nbSuar5X8x+vq/W7Io4ynME5XIIPN1CHB2hAExhM4Ble4c3JnRfn3flYtpacYuYU/sD5/AEYvpKn</latexit><latexit sha1_base64="G1ybJTzZQn8HXkCzIQAJR1SM5FE=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cK9gOaUDbbabt0swm7m0IJ/SdePCji1X/izX/jts1BWx8MPN6bYWZelAqujed9O6WNza3tnfJuZW//4PDIPT5p6SRTDJssEYnqRFSj4BKbhhuBnVQhjSOB7Wh8P/fbE1SaJ/LJTFMMYzqUfMAZNVbquW5EApMQRgIUggQy67lVr+YtQNaJX5AqFGj03K+gn7AsRmmYoFp3fS81YU6V4UzgrBJkGlPKxnSIXUsljVGH+eLyGbmwSp8MEmVLGrJQf0/kNNZ6Gke2M6ZmpFe9ufif183M4DbMuUwzg5ItFw0yQeyv8xhInytkRkwtoUxxeythI6ooMzasig3BX315nbSuar5X8x+vq/W7Io4ynME5XIIPN1CHB2hAExhM4Ble4c3JnRfn3flYtpacYuYU/sD5/AEYvpKn</latexit>

 14

b ! s``
<latexit sha1_base64="Rvz4O0WyyxGy/YPN3f4ki8NmiiA=">AAAB+nicbVDLSgNBEOyNrxhfGz16GQyCp7Argh6DXjxGMA9IljA76U2GzD6YmVXCmk/x4kERr36JN//GyWYPmlgwQ1HVTXeXnwiutON8W6W19Y3NrfJ2ZWd3b//Arh62VZxKhi0Wi1h2fapQ8AhbmmuB3UQiDX2BHX9yM/c7DygVj6N7PU3QC+ko4gFnVBtpYFd90tcxUaSPQuTfwK45dScHWSVuQWpQoDmwv/rDmKUhRpoJqlTPdRLtZVRqzgTOKv1UYULZhI6wZ2hEQ1Relq8+I6dGGZIgluZFmuTq746MhkpNQ99UhlSP1bI3F//zeqkOrryMR0mqMWKLQUEqiDl2ngMZcolMi6khlEludiVsTCVl2qRVMSG4yyevkvZ53XXq7t1FrXFdxFGGYziBM3DhEhpwC01oAYNHeIZXeLOerBfr3fpYlJasoucI/sD6/AHkaJMb</latexit><latexit sha1_base64="Rvz4O0WyyxGy/YPN3f4ki8NmiiA=">AAAB+nicbVDLSgNBEOyNrxhfGz16GQyCp7Argh6DXjxGMA9IljA76U2GzD6YmVXCmk/x4kERr36JN//GyWYPmlgwQ1HVTXeXnwiutON8W6W19Y3NrfJ2ZWd3b//Arh62VZxKhi0Wi1h2fapQ8AhbmmuB3UQiDX2BHX9yM/c7DygVj6N7PU3QC+ko4gFnVBtpYFd90tcxUaSPQuTfwK45dScHWSVuQWpQoDmwv/rDmKUhRpoJqlTPdRLtZVRqzgTOKv1UYULZhI6wZ2hEQ1Relq8+I6dGGZIgluZFmuTq746MhkpNQ99UhlSP1bI3F//zeqkOrryMR0mqMWKLQUEqiDl2ngMZcolMi6khlEludiVsTCVl2qRVMSG4yyevkvZ53XXq7t1FrXFdxFGGYziBM3DhEhpwC01oAYNHeIZXeLOerBfr3fpYlJasoucI/sD6/AHkaJMb</latexit><latexit sha1_base64="Rvz4O0WyyxGy/YPN3f4ki8NmiiA=">AAAB+nicbVDLSgNBEOyNrxhfGz16GQyCp7Argh6DXjxGMA9IljA76U2GzD6YmVXCmk/x4kERr36JN//GyWYPmlgwQ1HVTXeXnwiutON8W6W19Y3NrfJ2ZWd3b//Arh62VZxKhi0Wi1h2fapQ8AhbmmuB3UQiDX2BHX9yM/c7DygVj6N7PU3QC+ko4gFnVBtpYFd90tcxUaSPQuTfwK45dScHWSVuQWpQoDmwv/rDmKUhRpoJqlTPdRLtZVRqzgTOKv1UYULZhI6wZ2hEQ1Relq8+I6dGGZIgluZFmuTq746MhkpNQ99UhlSP1bI3F//zeqkOrryMR0mqMWKLQUEqiDl2ngMZcolMi6khlEludiVsTCVl2qRVMSG4yyevkvZ53XXq7t1FrXFdxFGGYziBM3DhEhpwC01oAYNHeIZXeLOerBfr3fpYlJasoucI/sD6/AHkaJMb</latexit><latexit sha1_base64="Rvz4O0WyyxGy/YPN3f4ki8NmiiA=">AAAB+nicbVDLSgNBEOyNrxhfGz16GQyCp7Argh6DXjxGMA9IljA76U2GzD6YmVXCmk/x4kERr36JN//GyWYPmlgwQ1HVTXeXnwiutON8W6W19Y3NrfJ2ZWd3b//Arh62VZxKhi0Wi1h2fapQ8AhbmmuB3UQiDX2BHX9yM/c7DygVj6N7PU3QC+ko4gFnVBtpYFd90tcxUaSPQuTfwK45dScHWSVuQWpQoDmwv/rDmKUhRpoJqlTPdRLtZVRqzgTOKv1UYULZhI6wZ2hEQ1Relq8+I6dGGZIgluZFmuTq746MhkpNQ99UhlSP1bI3F//zeqkOrryMR0mqMWKLQUEqiDl2ngMZcolMi6khlEludiVsTCVl2qRVMSG4yyevkvZ53XXq7t1FrXFdxFGGYziBM3DhEhpwC01oAYNHeIZXeLOerBfr3fpYlJasoucI/sD6/AHkaJMb</latexit>

¥ For example, its difÞcult to avoid a contribution to                .pp ! ! !
<latexit sha1_base64="g2fZsKl7feOG3hsJeyPE9eFiU0M=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRQZdFNy4r2Ae0Q8mkmTY0kwlJplCG/okbF4q49U/c+TdmprPQ1gM3HM65l9x7QsmZNp737VQ2Nre2d6q7tb39g8Mj9/iko5NUEdomCU9UL8SaciZo2zDDaU8qiuOQ0244vc/97owqzRLxZOaSBjEeCxYxgo2Vhq4rJRqYxBZOi2fo1r2GVwCtE78kdSjRGrpfg1FC0pgKQzjWuu970gQZVoYRThe1QaqpxGSKx7RvqcAx1UFWbL5AF1YZoShRtoRBhfp7IsOx1vM4tJ0xNhO96uXif14/NdFtkDEhU0MFWX4UpRzZU/MY0IgpSgyfW4KJYnZXRCZYYWJsWDUbgr968jrpXDV8r+E/Xtebd2UcVTiDc7gEH26gCQ/QgjYQmMEzvMKbkzkvzrvzsWytOOXMKfyB8/kDxTaTFg==</latexit><latexit sha1_base64="g2fZsKl7feOG3hsJeyPE9eFiU0M=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRQZdFNy4r2Ae0Q8mkmTY0kwlJplCG/okbF4q49U/c+TdmprPQ1gM3HM65l9x7QsmZNp737VQ2Nre2d6q7tb39g8Mj9/iko5NUEdomCU9UL8SaciZo2zDDaU8qiuOQ0244vc/97owqzRLxZOaSBjEeCxYxgo2Vhq4rJRqYxBZOi2fo1r2GVwCtE78kdSjRGrpfg1FC0pgKQzjWuu970gQZVoYRThe1QaqpxGSKx7RvqcAx1UFWbL5AF1YZoShRtoRBhfp7IsOx1vM4tJ0xNhO96uXif14/NdFtkDEhU0MFWX4UpRzZU/MY0IgpSgyfW4KJYnZXRCZYYWJsWDUbgr968jrpXDV8r+E/Xtebd2UcVTiDc7gEH26gCQ/QgjYQmMEzvMKbkzkvzrvzsWytOOXMKfyB8/kDxTaTFg==</latexit><latexit sha1_base64="g2fZsKl7feOG3hsJeyPE9eFiU0M=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRQZdFNy4r2Ae0Q8mkmTY0kwlJplCG/okbF4q49U/c+TdmprPQ1gM3HM65l9x7QsmZNp737VQ2Nre2d6q7tb39g8Mj9/iko5NUEdomCU9UL8SaciZo2zDDaU8qiuOQ0244vc/97owqzRLxZOaSBjEeCxYxgo2Vhq4rJRqYxBZOi2fo1r2GVwCtE78kdSjRGrpfg1FC0pgKQzjWuu970gQZVoYRThe1QaqpxGSKx7RvqcAx1UFWbL5AF1YZoShRtoRBhfp7IsOx1vM4tJ0xNhO96uXif14/NdFtkDEhU0MFWX4UpRzZU/MY0IgpSgyfW4KJYnZXRCZYYWJsWDUbgr968jrpXDV8r+E/Xtebd2UcVTiDc7gEH26gCQ/QgjYQmMEzvMKbkzkvzrvzsWytOOXMKfyB8/kDxTaTFg==</latexit><latexit sha1_base64="g2fZsKl7feOG3hsJeyPE9eFiU0M=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRQZdFNy4r2Ae0Q8mkmTY0kwlJplCG/okbF4q49U/c+TdmprPQ1gM3HM65l9x7QsmZNp737VQ2Nre2d6q7tb39g8Mj9/iko5NUEdomCU9UL8SaciZo2zDDaU8qiuOQ0244vc/97owqzRLxZOaSBjEeCxYxgo2Vhq4rJRqYxBZOi2fo1r2GVwCtE78kdSjRGrpfg1FC0pgKQzjWuu970gQZVoYRThe1QaqpxGSKx7RvqcAx1UFWbL5AF1YZoShRtoRBhfp7IsOx1vM4tJ0xNhO96uXif14/NdFtkDEhU0MFWX4UpRzZU/MY0IgpSgyfW4KJYnZXRCZYYWJsWDUbgr968jrpXDV8r+E/Xtebd2UcVTiDc7gEH26gCQ/QgjYQmMEzvMKbkzkvzrvzsWytOOXMKfyB8/kDxTaTFg==</latexit>

! σ
"!#

$%
&$#

'$
'

!!
→

!!
!

"#
$

%
&

'()
*&

(+
+

'

!!
→

$
!!

,-
"

.,"
!/0

1*

!!
→

!
τ

!!
→

!!
!

!"
#

$%
&

'(
)*

!
!

! ! →
τ τ

" #
$%

&'%
(#

)*

()
! )(*

+,
-. &

ℒ ⊃ ! ! " !
! #! $!

! " # $ % &
'('

'(%

!('

!(%

"('

"(%

#('

#(%

! ! ! !!"# "

! !

��� ������ �� ����� ��� �! ���������

Fig. 82: Present constraints and HL(HE)-LHC projections in the leptoquark mass versus coupling plane for the
scalar leptoquarkS3 (left), and vector leptoquarkU1 (right). The grey and dark grey solid regions are the current
exclusions. The grey and black dashed lines are the projected reach for HL-LHC (pair and single leptoquark
production prospects are based on the CMS simulation from Section10.4.5). The red dashed lines are the projected
reach at HE-LHC (see Section10.4.6). The green and yellow bands are the1! and2! preferred regions from the
Þt toB physics anomalies. The second coupling required to Þt the anomaly does not enter in the leading high-pT
diagrams but it is relevant for Þxing the preferred region shown in green, for more details see Ref. [264].

Ð Leptoquark decays: the Þt to theR(D ⇤) observables suggest a rather light leptoquark (at the
TeV scale) that couples predominately to the third generation fermions of the SM. A series of
constraints from ßavour physics, in particular the absence of BSM effects in kaon and charm
mixing observables, reinforces this picture.

Ð Leptoquark production mechanism: The size of the couplings required to explain the anomaly is
typically very large, roughlyyq! ! mLQ / (1 TeV). Depending of the actual sizes of the leptoquark
couplings and its mass we can distinguish three regimes that are relevant for the phenomenology
at the LHC:

1. LQ pair production due to strong interactions,
2. Single LQ production plus lepton via a single insertion of the LQ coupling, and
3. Non-resonant production of di-lepton throught-channel exchange of the leptoquark.

Interestingly all three regimes provide complementary bounds in the(mLQ , yq!
) plane, see Fig.81.

Several simpliÞed models with leptoquark as a mediator were shown to be consistent with the
low-energy data. A vector leptoquark withSU(3)c " SU(2)L " U(1)Y SM quantum numbersUµ #
(3, 1, 2/ 3) was identiÞed as the only single mediator model which can simultaneously Þt the two anoma-
lies (see e.g. [264] for a recent Þt including leading RGE effects). In order to substantially cover the
relevant parameter space, one needs future HL- (HE-) LHC, see Fig.82 (right) (see also Fig. 5 of [264]
for details on the present LHC constraints). A similar statement applies to an alternative model featuring
two scalar leptoquarks,S1, S3 [952]. The pair of plots in Fig.82 summaries the current exclusion and
the discovery reach for the HE and HL-LHC in the LQ coupling versus mass plane.

Leptoquarks states are emerging as the most convincing mediators for the explanations of the
ßavour anomalies. It is then important to explore all the possible signatures at the HL- and HE-LHC.
The experimental programme should focus not only on the Þnal states containing quarks and leptons of
the third generation, but also on the whole list of decay channels including the off-diagonal ones (bµ,
s" , . . . ). The completeness of this approach would allow to shed light on the ßavour structure of the
putative New Physics.

Another aspect to be emphasized regarding leptoquark models is that the UV complete models
often require extra Þelds. The accompanying particles would leave more important signatures at high
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Fig. 82: Present constraints and HL(HE)-LHC projections in the leptoquark mass versus coupling plane for the
scalar leptoquark S3 (left), and vector leptoquark U1 (right). The grey and dark grey solid regions are the current
exclusions. The grey and black dashed lines are the projected reach for HL-LHC (pair and single leptoquark
production prospects are based on the CMS simulation from Section 10.4.5). The red dashed lines are the projected
reach at HE-LHC (see Section 10.4.6). The green and yellow bands are the 1! and 2! preferred regions from the
fit to B physics anomalies. The second coupling required to fit the anomaly does not enter in the leading high-pT
diagrams but it is relevant for fixing the preferred region shown in green, for more details see Ref. [264].

– Leptoquark decays: the fit to the R(D⇤) observables suggest a rather light leptoquark (at the
TeV scale) that couples predominately to the third generation fermions of the SM. A series of
constraints from flavour physics, in particular the absence of BSM effects in kaon and charm
mixing observables, reinforces this picture.

– Leptoquark production mechanism: The size of the couplings required to explain the anomaly is
typically very large, roughly yq! ! mLQ / (1 TeV). Depending of the actual sizes of the leptoquark
couplings and its mass we can distinguish three regimes that are relevant for the phenomenology
at the LHC:

1. LQ pair production due to strong interactions,
2. Single LQ production plus lepton via a single insertion of the LQ coupling, and
3. Non-resonant production of di-lepton through t-channel exchange of the leptoquark.

Interestingly all three regimes provide complementary bounds in the (mLQ , yq!
) plane, see Fig. 81.

Several simplified models with leptoquark as a mediator were shown to be consistent with the
low-energy data. A vector leptoquark with SU (3)c " SU (2)L " U (1)Y SM quantum numbers Uµ #
(3, 1, 2/3) was identified as the only single mediator model which can simultaneously fit the two anoma-
lies (see e.g. [264] for a recent fit including leading RGE effects). In order to substantially cover the
relevant parameter space, one needs future HL- (HE-) LHC, see Fig. 82 (right) (see also Fig. 5 of [264]
for details on the present LHC constraints). A similar statement applies to an alternative model featuring
two scalar leptoquarks, S1, S3 [952]. The pair of plots in Fig. 82 summaries the current exclusion and
the discovery reach for the HE and HL-LHC in the LQ coupling versus mass plane.

Leptoquarks states are emerging as the most convincing mediators for the explanations of the
flavour anomalies. It is then important to explore all the possible signatures at the HL- and HE-LHC.
The experimental programme should focus not only on the final states containing quarks and leptons of
the third generation, but also on the whole list of decay channels including the off-diagonal ones (bµ,
s" , . . . ). The completeness of this approach would allow to shed light on the flavour structure of the
putative New Physics.

Another aspect to be emphasized regarding leptoquark models is that the UV complete models
often require extra fields. The accompanying particles would leave more important signatures at high
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¥ For the vector LQ scenario, can eat into signiÞcant part of the parameter space 
favoured by the anomalies.

Buttazzo ,!Greljo ,!Isidori ,!Marzocca
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¥ Other more model speciÞc scenarios can also be tested at HL-LHC.

¥ For example, a ZÕ boson can affect the                decays and can be tested.
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¥ In addition, many other leptoquark models phase-space can be covered with 
various decays.
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Fig. 84: HL-LHC 95% (blue) and 99% (orange) CL sensitivity contours toZ ! in the Òmixed-downÓ
model forgµµ vs Z ! mass in TeV. The dashed grey contours give theZ ! width as a fraction of mass.
The green and red regions are excluded by trident neutrino production andBs mixing, respectively. The
dashed blue line is the strongerBs mixing constraint from Ref. [1480] (Fig. taken from [1481]).

Fig. 85: HE-LHC 95% (blue) and 99% (orange) CL sensitivity contours toZ ! in the Òmixed-upÓ (left)
and Òmixed-downÓ (right) model in the parameter space ofgµµ vs Z ! mass in TeV. The dashed grey
contours are the width as a fraction of mass. The green and red regions are excluded by trident neutrino
production andBs mixing. The dashed blue line is the strongerBs mixing constraint from Ref. [1480]
(Figs. taken from [1481]).

to Z ! with narrow width, up to masses of 5 TeV.

At the HE-LHC, the reach for 10 ab" 1 is shown in Fig.85 for the MUM and MDM on the left
and right, respectively. In this case the sensitivity may reach aZ ! with wider widths up to 0.25 and 0.5
of its mass, while the mass extends out to 10 to 12 TeV. We stress that this is a pessimistic estimate of
the projected sensitivity, particular to the two minimal models; more realistic scenarios will typically be
easier to discover.

¥ Explanations at the one-loop level:
It is possible to accomodate theb ! s! + ! " anomalies even if mediators only enter at one-loop. One pos-

194

Prospects for high p T signatures 
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(LO) are shown in Fig.89.
The analysis usesDelphes [373] event samples of simulatedpp collisions at a center-of-mass

energy of 14 TeV, corresponding to integrated luminosities of 300 and 3000 fb! 1. The matrix ele-
ments of LQ signals for both single and pair LQ production are generated at LO using version 2.6.0
of MadGraph5_aMC@NLO[1491] for mLQ = 500, 1000, 1500, and 2000 GeV. The branching fraction#
of the LQ to a charged lepton and a quark, in this case LQ! ! b, is assumed to be# = 1 . The unknown
Yukawa coupling$ of the LQ to a! lepton and a bottom quark is set to$ = 1 . The width! is calculated
using! = mLQ $2/ (16%) [1492], and is less than 10% of the LQ mass for most of the considered search
range. The signal samples are normalized to the cross section calculated at LO, multiplied by aK factor
to account for higher order contributions [1476].

Similar event selections are used in both the singly and pair produced LQ searches, except for the
requirement on the number of jets. In both channels, two reconstructed! h with opposite-sign charge are
required, each with transverse momentumpT,! > 50 GeV and a maximum pseudorapidity|&! | < 2.3.
In the search for single production, the presence of at least one reconstructed jet withpT > 50 GeV is
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CKM unitarity tests
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¥ Testing CKM unitarity remains a vitally important method to search for new 
physics.
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Fig. 4: Results for the CKMÞtter global Þt of the CKM parameters as of Summer 2018. See Ref. [37]
for more detail.

Detailed input values as well as predictions for various CKM-related parameters and observables
in the SM from the UTÞt collaboration can be found in the Summer 2018 update page on the UTÞt
website [67]. The CKM matrix is determined as

VCKM =
!

"
#

0.97431(12) 0.22514(55) 0.00365(10)e! i 66.8(2.0)!

! 0.22500(54)ei 0.0351(10)!

0.97344(12)e! i 0.00188(5)!

0.04241(65)

0.00869(14)e! i 22.2(0.6)!

! 0.04124(56)ei 1.056(32)!

0.999112(24)

$

%
& . (14)

while the Wolfenstein parameters are,

A = 0 .826± , 0.012, ! = 0 .2255± 0.0005, ø" = 0 .148± 0.013, ø# = 0 .348± 0.010, (15)

in good agreement with the CKMÞtter determination in (13).

2.4 Theoretical prospects

2.4.1 Lattice extrapolations

Advancement in the lattice QCD determination of hadronic matrix elements, used in the extraction of
CKM elements, need to go hand in hand with the improved experimental precision. The projections on
the expected errors for the most important hadronic matrix elements are discussed in detail in Sec.11
with the main results collected in Table41.

The accuracy of the projections below will also require an improvement in the understanding of
electromagnetic corrections, which for the moment are only partially addressed in theoretical predictions.
Further details on the inclusion of QED corrections in lattice predictions are discussed in Sec.11.

2.4.2 Other theoretical issues

The determination of$ has negligible theoretical errors. In contrast, extractions of%and%s fromb " cøcs
transitions receive small theoretical uncertainty from penguin diagrams. For present data the penguin
contributions inb " cøcs are assumed to be negligible. However, they may compete with the statisti-
cal errors in the future. Techniques to estimate the penguin contributions from data on SU(3)-related
channels are described in Sec.2.5.10. An independent, more theory-driven, cross-check of the SU(3)
approach was suggested in Ref. [45] Ð to use Operator Product Expansion to calculate the penguin-
to-tree ratio. It is important to note that the penguin contributions in variousb " cøcs channels are
different, so that with increased precision of the measurements one cannot anymore averagesin 2%from

27
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¥ The importance of precision auxiliary measurements is key 
for the ultimate precision of ! . 

¥ BESIII will play a vital role.

¥ Ultimately not expected to be limiting.

5 23 50 300
Integrated Luminosity [fb! 1]

0.1

1

5

!
("

)
[" ] LHCb

World Average

Fig. 10:Projected sensitivity for the LHCb! combination with the currently used strategies and the world average
using projections from Belle II in addition.

2.5.5 Gamma combination and impact of external inputs

Projections for the expected precision of the LHCb! combination are shown in Fig.10, estimating the
uncertainty on! to be1.5! and0.35! with 23 fb" 1 and 300 fb" 1 data samples, respectively. The LHCb
projections assume that the statistical uncertainty scales with the data sample size and include the effect
of the increased centre-of-mass energy, increased trigger performance and increased integrated luminos-
ity. Most of the systematic uncertainties are driven by the size of the data samples and corresponding
simulation samples. The overall sensitivity is predominantly driven by the GLW modes which provide
the narrowest solutions for! . The dominant systematic uncertainty for these modes will depend on
knowledge of both the shape and rate of the background from" 0

b ! " +
c K " , as well as uncertainties

arising from particle identiÞcation calibration and instrumental charge asymmetries. In order to obtain
the best possible precision on! it will be necessary to ascertain the correlation of these uncertainties
between different GLW modes. The ultimate sensitivity to these modes from Belle II will be consider-
ably less than that at LHCb, however detailed analysis from both experiments will provide an important
cross check. For decays with neutrals in the Þnal state, particularly theCP-odd GLW mode withD 0

! K 0
S #0, the LHCb detector has considerable disadvantages over Belle II. These would be mitigated by

an improved electromagnetic calorimeter for the LHCb Upgrade II. The GGSZ modes are a powerful
way to unambiguously resolve the multiple solutions of the GLW method and furthermore offer consid-
erable standalone sensitivity to! . Accurate knowledge of the selection efÞciency across the Dalitz plane
is vital for these modes and contributes a considerable systematic uncertainty. This will naturally reduce
with larger datasets as it is obtained via semi-leptonicB 0 ! D #+ µ" $µX control modes but requires
large simulation samples. More precise measurement of important external parameters, particularlyci
andsi from BESIII, will be required to reduce the uncertainty associated with the model independent
GGSZ method. The uncertainties of inputs from charm threshold data collected by CLEO-c will begin
to limit the sensitivity by the end of Run 2, so it is essential to work together with BESIII to provide
updated measurements for the suite of charm decays andD ! K 0

S h+ h" in particular. Provided that
the charm inputs are improved sub-degree level precision on! is attainable. Understanding the correla-
tions between differentB decay modes that all use these external parameters will be vitally important
as they are likely to contribute one of the largest overall systematic uncertainties in the combination. A
comparison between the current LHCb GGSZ and GLW/ADS measurements [79,114] with their future
projections at 300 fb" 1 is shown in Fig.11. The order of magnitude increase in precision is very appar-
ent and the importance of the combination clear, given the multiple ambiguous solutions for GLW/ADS
measurements is not resolved with increased luminosity.

The GGSZ modes are considered thegolden modesat Belle II and drive the overall uncertainty on
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Fig. 7: (Left) Bin deÞnitions forD ! K 0
S ! + ! ! as a function ofm2

! andm2
+ , the invariant masses

squared of theK 0
S h! andK 0

S h+ . (Right) Asymmetry between yields forB ± ! DK ± decays, with
D ! K 0

S ! + ! ! in bin i (for B + ) and" i (for B ! ). The data points are obtained from simulation with
the expected sample size at300fb! 1, assuming the current performance of the LHCb experiment. The
black histogram shows the predicted asymmetry based on the current world average values of" and
relevant hadronic parameters, the red dots show the result of a single pseudoexperiment, while the red
bands show the expected uncertainties from an ensemble. The green bands show the corresponding
uncertainties with the current LHCb data set.

tries in LHCb Upgrade II can be seen in Fig.7.

The largest systematic uncertainty is due to the precision of the external strong-phase inputs com-
ing from the CLEO-c data which currently contribute approximately2" to the overall uncertainty on
" [82]. The impact of this uncertainty on GGSZ measurements is estimated in Fig.8 which compares a#

N improvement with the expected yield increase and the projected uncertainty if the current external
information onci andsi is not improved. It can be seen that this starts to approach a limit originating
from the Þxed size of the quantum-correlated charm input from CLEO-c. This contribution will naturally
decrease with largerB ± ! D 0K ± samples, however, as theB decays themselves also have sensitivity
to ci andsi . Studies performed using pseudoexperiments with different size quantum correlatedD sam-
ples and LHCbB data suggest that the optimal sensitivity is only reached when the size of the inputD
sample is at least as big as the overallB sample. More precise measurements with data already recorded
by the BESIII experiment will be able to reduce the external contribution to the uncertainty by around
50% but analysis of future larger data sets with BESIII and at LHCb will be vital in order to avoid the
external input compromising the ultimate sensitivity to" .

The current second largest source of systematic uncertainty comes from the knowledge of the
distribution ofD decays over the Dalitz plane in the ßavour-speciÞcB Þnal state, with reconstruction
and efÞciency effects incorporated. These are determined with a ßavour-speciÞc control decay mode
B 0 ! D #± µ$ #µX , where theD #! decays toD 0! ! andX represents any unreconstructed particles.
The ultimate systematic uncertainty is particularly sensitive to data-simulation agreement and size of
simulated samples because of a need to model unavoidable differences in the signal and control modes.
Fast simulation techniques which are being deployed and further developed at LHCb will therefore be
crucial for keeping up with the large data samples, while a fully software-based trigger will allow for
a better alignment of the signal and control channel selections compared to today. Uncertainties from
sources such as low mass backgrounds can be expected to remain subdominant with higher statistics, as
further studies will give better understanding to their rates and shapes. Some additional complications

31

¥ All the golden modes are expected to scale 
with luminosity in the HL-LHC.

¥ Ultimate precision to be dominated by 
LHCb, at the level of around 0.4 degrees!

arXiv:1812.07638

https://arxiv.org/abs/1812.07638
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¥ The other important tree-level constraint is the ratio of CKM element 
magnitudes, |Vub/Vcb|.

¥ Given the controversy, a diversity of measurements is important.

¥ Combined progress in experimental and 
lattice uncertainties can allow for a 
determination at the level of less than 1%, 
competitive with Belle-II.
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Fig. 5: The factor by which the effective luminosity in LHCb would be increased in an analysis of
B 0

s ! K ! µ+ ! µ decays, as a function of the thickness of the RF foil. This factor is deÞned to be with re-
spect to the vertex resolution of the current detector. It is determined using pseudo experiments in which
theB 0

s ! K ! µ+ ! µ signal yield is extracted through a likelihood Þt to the corrected mass distribution.
The other parameters affecting the vertex resolution are assumed to be the same as in the upgraded LHCb
detector, which will have a baseline foil thickness of 250µm.

formance of the proposed TORCH detector would greatly enhance our capabilities withB 0
s ! K ! µ+ ! µ

decays at highq2.

The combination of these detector improvements with the LHCb Upgrade II data set is expected to
reduce the experimental systematic uncertainties on|Vub|/|Vcb| to the 0.5% level. External branching ratio
uncertainties will also be greatly reduced at the BESIII experiment. For example,B(D +

s ! K + K ! " + )
will be determined at the 1% level, translating to a" 0.5% uncertainty on|Vub|/|Vcb|. Combined with
the differential shape information of the signals and continued improvements to the lattice calculations
this will lead to a|Vub|/|Vcb| measurement uncertainty of less than 1% with the LHCb Upgrade II data
set.

LHCb Upgrade II will allow several currently inaccessible decays, not least those of the rarely
producedB +

c mesons, to be studied in detail. A prime example is the decayB +
c ! D 0µ+ ! µ , which

is potentially very clean from a theory point of view, once lattice QCD calculations of the form factor
become available. Approximately 30,000 reconstructed candidates can be expected with the 300 fb! 1

LHCb Upgrade II data set, which could lead to a competitive measurement of|Vub| in this, currently
unexplored, system. Purely leptonic decays, such asB + ! µ+ µ! µ+ ! µ , will also become competitive,
with similar signal yields, and can provide information on theB -meson light cone distribution amplitude,
which is a crucial input to the widely used theoretical tool of QCD factorisation [73,74].

The standalone determination of|Vcb| will also be increasingly important when other measure-
ments get more precise, as it will become the limiting factor in many SM predictions such as the branch-
ing fraction ofB 0

s ! µ+ µ! [75], as well asK ! "! ø! , and for#K . The current uncertainty is inßated
due to the disagreement between measurements from inclusive and exclusive Þnal states and currently
appears to critically depend on the parametrisation used to Þt the form factors [30,31]. LHCb has already
performed a measurement of the differential rate of the decay$ 0

b ! $ +
c µ! , allowing a determination of

the form factors of that decay [76]. A Þrst determination of the absolute value of|Vcb|, exploiting theo-
retical predictions for the ratios of semileptonic decay widths between differentbhadron species [77], is
in progress. The LHCb Upgrade II data set would provide large samples of exclusiveb ! c%!decays,
with the full range ofbhadron species, with which very precise shape measurements could be performed,
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¥ Any interesting feature is that the statistical 
uncertainty (and kinematic resolution) 
scales linearly with the amount of material 
in RF foil of the VELO.

arXiv:1812.07638

arXiv:1812.07638
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¥ "m s,d dependent on improvements lattice uncertainties (which are expected).

¥ CPV in mixing on the other hand is very precisely predicted.

¥ Key experimental aspect is the detection 
asymmetries. Need:

¥  lots of simulation.

¥ Triggering of CF charm decay modes.

¥ ~equal data from both magnet polarities.

asymmetries

aq
sl =

! (B 0
q ! f ) " ! (B 0

q ! øf )

! (B 0
q ! f ) + ! (B 0

q ! øf )
#

"! q

" M q
tan ! q

12, (17)

wheref is a ßavour-speciÞc Þnal state that is only accessible through the decay of theB 0
q state. Mixing

is required to mediate the transitionB 0
q ! B 0

q ! f , and its conjugate. Semileptonic decays of the type
B 0

q ! D !
q µ+ " µX are well suited because (i) they are immune to any unknownCP violation in decay

and (ii) they have large branching ratios.

Including the effect of an unknown production asymmetry,ap, the time-dependentuntaggedasym-
metry is deÞned as:

Aq
sl(t) $

N " øN
N + øN

=
aq

sl

2
"

!
ap +

aq
sl

2

"
á
!

cos" M qt
cosh"! qt/ 2

"
, (18)

whereN and øN denote the number of observed decays tof and øf Þnal states, respectively. A decay-
time-dependent Þt can disentangle theB 0

d " øB 0
d production asymmetry fromad

sl [119]. In the B 0
s case

thetime integratedasymmetry is employed [12]. Owing to the large value of" ms the term containing
ap is suppressed to a calculable correction of a few%10! 4, after integrating over decay time. These
approaches have been applied in the measurements with the Run 2 dataset that are listed in Table5,
giving the worldÕs best single measurements. These measurements are far from any uncertainty ßoor in
the SM predictions, and are sensitive to anomalous NP contributions to! q

12 andM q
12. The difference

! d " ! s further probes NP in penguin coefÞcients [120].

The following brießy reviews the dominant sources of uncertainty on the current LHCb measure-
ments, and considers strategies to fully exploit the potential of the LHCb Upgrade II. All uncertainties
are as evaluated onaq

sl (i.e., all sources of raw asymmetry, and their uncertainties, are scaled by a factor
of two as expected from Eq.18).
Statistical precision: The statistical uncertainty onas

sl straightforwardly extrapolates to2.1 %10! 4. In
the case ofad

sl it should be noted that stringent Þducial cuts and weights were imposed on the
signal sample to control certain tracking asymmetries that were not well known at the time. By
the time of the subsequentas

sl measurement, a new method withJ/ # ! µ+ µ! decays had been
developed, and others are in the pipeline. A further factor of two increase in yields is therefore
assumed, which extrapolates to an uncertainty of1.1 %10! 4.

Detection asymmetries:The single largest contributor is theK ! $+ asymmetry inad
sl. This asymmetry

was determined with a single method usingD + decays to theK ! $+ $+ andK 0
S $+ Þnal states,

with a precision of around2.0 % 10! 3 [119]. Thanks to trigger improvements, a factor of two
increase in the effective yield of the most limitingK 0

S $+ Þnal state [121,122] can be anticipated.
This will extrapolate to an uncertainty of1.1%10! 4. Improvements in the reconstruction of down-
stream tracks in the earliest stage of the software trigger may also allow us to exploitK 0

S $+ Þnal
states withK 0

S decays downstream of the LHCb vertex detector (VELO). Further methods have
since been proposed using partially reconstructedD " + decays andD 0 ! K ! K + decays. The
partial reconstruction method will be greatly improved by the reduction of material before the Þrst
VELO measurement point. The systematic uncertainties in these approaches will be controlled by
using ultra high statistics fast simulations to track the kinematic dependencies in the asymmetries.
The target uncertainty is1.0 % 10! 4, including systematic uncertainties. The equivalentK + K !

asymmetry in theas
sl measurement will be smaller and more precisely controlled. Theµ+ $!

asymmetry will be controlled by a combination ofJ/ # ! µ+ µ! decays, partially reconstructed
D " + decays,D 0 ! h! h+ decays, and high statistics fast simulations.

Background asymmetries: These measurements are challenging because theB 0
q ! D !

q µ+ " µX Þnal
states can be fed by the decays of otherb hadron species. This dilutes the relation between the
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Table 5: Current theoretical and experimental determinations of the semileptonic asymmetriesad
sl and

as
sl.

Sample (L ) ! as
sl/ 10! 4 ! ad

sl/ 10! 4

Run 1 (3 fb! 1) [12,119] 33 36
Run 1-3 (23 fb! 1) 10 8
Run 1-5 (300 fb! 1) 3 2
Current theory [117,125] 0.03 0.6
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Fig. 12: Current and future landscape for the semileptonic asymmetries. The grey vertical band indicates
the currentB -Factory average forad

sl. The blue ellipse represents the current LHCb Run 1 measure-
ments [12,119]. The red ellipse, which is arbitrarily centred, delineates the LHCb Upgrade II projected
precision. The black ellipse shows the SM prediction, the uncertainty of which is barely visible.

raw asymmetry andaq
sl and leads to a cocktail of production asymmetry corrections. We assume

that these backgrounds can be statistically subtracted by extending the signal Þts to include the
D !

q µ+ corrected mass dimension. It is assumed that the background asymmetry uncertainties can
be controlled to the1.0 ! 10! 4 level.

Other considerations: We must carefully consider the impact of having unequal sample sizes in the
two polarities. This can be partially compensated for by assigning weights to one polarity [123].
We note that the choice of crossing angles should be carefully considered [124]. While we do
not account for them in the current estimation, we could consider using otherD +

q decay modes to

better align the detection asymmetries betweenas
sl andad

sl. For example,D + " K ! K + " + and
D + " K 0

S " + decays can be used, taking advantage of possible improvements in the trigger efÞ-
ciency forK 0

S decays in LHCb Upgrade II. While the former decay is singly Cabibbo suppressed,
its CP asymmetry could be measured using promptly producedD + mesons.

In summary the LHCb Upgrade II dataset should allow bothas
sl andad

sl asymmetries to be measured
to the level of a few parts in10! 4, see Table5. This will give unprecedented new physics sensitivity,
and is still far from saturating thecurrent theory uncertainties in the SM predictions. Fig.12 shows
the prospective LHCb Upgrade II measurement, arbitrarily centred at a value that differs from the SM
prediction at the10! 3 level.

The ratio!" d/ " d, is typically measured from the difference in effective lifetimes betweenB 0 de-
cays to Þnal states that are ßavour-speciÞc, namelyJ/ # K " 0, andCP-eigenstates, namelyJ/ # K 0

S [126].
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The CP violating phase ! s

 20

¥ The CP violating # s will remain an excellent null test of the SM in the HL-
LHC era.

¥ As long as we can control penguin pollution 

¥ Testing SU(3) will be important.

¥ We will actually be able to ÔseeÕ the 
oscillations in J/$# decays!

¥ Improvements to the time resolution for 
allow ATLAS and CMS to remain 
competitive.

Fig. 16: Projected 68% conÞdence-level contour in the!" s vs ! s plane for the ATLAS, CMS (still
preliminary) and LHCb sensitivity at the HL-LHC compared with the current experimental limit. For
clarity of the representation each projection is centered on a random value generated with its uncertainty
assuming the SM value as truth. The combined contour is obtained following the HFLAV approach for
averages for the PDG 2018 review [137].
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s =
! 36.4 mrad [62] andsin#cøcs

d = 0 .731[138]), the values used in the simulation. The height of the oscillation is
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d(s) due to mistagging, decay time resolution, and, forB 0
s " J/ " # , the mixture ofCP-even and

CP-odd components in the Þnal state.

the nuclear cross-sections in material betweenK 0 andK 0 states. Therefore, some irreducible systematic
uncertainties are unavoidable. It is notable that the leading sources of systematic uncertainty are different
for Belle II and LHCb, so that having measurements from both experiments will be important. As for
the #cøcs

s case, continued good ßavour tagging performance and improved understanding of subleading
contributions to the decay amplitudes will be required.

The decayB 0 " D 0$+ $! , and related decays involving excited charm mesons, offer a purely
tree-level measurement of#d = 2%. BaBar and Belle have performed measurements usingB 0 " D (" )h0

with bothD decays toCP eigenstates [146] and to the three-bodyK 0
S $+ $! Þnal state [147,148], where

44
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assuming the SM value as truth. The combined contour is obtained following the HFLAV approach for
averages for the PDG 2018 review [137].
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current performance of the LHCb experiment. The solid curves represent the expected asymmetries for#cøcs

s =
! 36.4 mrad [62] andsin#cøcs

d = 0 .731[138]), the values used in the simulation. The height of the oscillation is
diluted fromsin#cøcs

d(s) due to mistagging, decay time resolution, and, forB 0
s " J/ " # , the mixture ofCP-even and

CP-odd components in the Þnal state.

the nuclear cross-sections in material betweenK 0 andK 0 states. Therefore, some irreducible systematic
uncertainties are unavoidable. It is notable that the leading sources of systematic uncertainty are different
for Belle II and LHCb, so that having measurements from both experiments will be important. As for
the #cøcs

s case, continued good ßavour tagging performance and improved understanding of subleading
contributions to the decay amplitudes will be required.

The decayB 0 " D 0$+ $! , and related decays involving excited charm mesons, offer a purely
tree-level measurement of#d = 2%. BaBar and Belle have performed measurements usingB 0 " D (" )h0

with bothD decays toCP eigenstates [146] and to the three-bodyK 0
S $+ $! Þnal state [147,148], where
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! s from charmless decays

 21

¥ The combination of mixing and penguin diagrams can maximise 
sensitivity to new physics.

¥ Very interesting to see capabilities of CMS 
on                 decays.
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Fig. 19: Normalized invariant mass distribution in CMS of all the! -pairs with ! z(! -pair) < 1 cm,
! xy(! -pair) < 1 cm,0.2 < ! R(! -pair) < 1, ! R(K + , K ! ) < 0.12. The blue dashed line corresponds
to the signal events reconstructed with ofßine tracks. The signal and background distributions obtained
using L1 tracks are shown as red solid line and green histograms, respectively. A pile up scenario of 200
interactions is assumed (taken from [167]).

level, depending on the track candidate selection, and that the events selected at L1 would be accepted
by the subsequent ofßine analysis with high efÞciency. For the scenario with 200 PU and a moderate
signal efÞciency of around 30%, the expected L1 trigger rate is about 15 kHz, within the acceptable limit
according to the present understanding of the expected detector performance.

2.5.11.2 LHCbBs ! !! projections

The measured and extrapolated LHCb statistical sensitivities for! sss
s and similarCP-violating phases

measured in other decay modes are shown in Fig.20. A statistical uncertainty on! sss
s of 0.011 radcan

be achieved with300fb! 1 of data collected at LHCb Upgrade II. Similarly to other measurements ofCP
violation parameters from decay-time-dependent analyses, many systematic uncertainties are evaluated
from control samples, and are therefore expected to scale accordingly with integrated luminosity. Among
others, there is an important uncertainty associated with knowledge of the angular acceptance, which is
determined from simulation. This therefore relies on good agreement between data and simulation,
which can be validated using control channels such asB 0 ! ! K " 0. Thus the determination of! sss

s is
expected to remain statistically limited even with the full LHCb Upgrade II data sample.

2.5.11.3 LHCb projections for! s from other charmless decays

Another way of measuring! s is theB 0
s ! K " (892)0K " (892)0 family of decays, which in the SM is

dominated by a gluonic penguinb ! dds diagram. LHCb has recently published the Þrst measurement
of ! d øds

s [168] using Run 1 data. In this groundbreaking analysis, it was realised that a signiÞcant gain in
sensitivity can be obtained by including the fullB 0

s ! (K + " ! )(K ! " + ) phase space in theK " -mass
window from 750 to1600 MeV/c 2, since the fraction ofB 0

s ! K " (892)0K " (892)0 in this region is
only f V V = 0 .067± 0.004± 0.024 (the other contributions are fromK " S-wave and theK "

2(1430)0

resonance). The result,! d øds
s = " 0.10± 0.13± 0.14 rad, is compatible with the SM expectation.

The current result has statistical and systematic uncertainties of comparable size, but both are
expected to be reducible with larger data samples. The largest systematic uncertainty, corresponding to
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Fig. 20: Comparison of! s statistical sensitivity at LHCb from different decay modes.

Table 7: Statistical sensitivity on! søss
s and! d øds

s at LHCb.

Decay mode
" (stat.) [rad]

3 fb! 1 23 fb! 1 50 fb! 1 300 fb! 1

B 0
s ! !! 0.154 0.039 0.026 0.011

B 0
s ! (K + #! )(K ! #+ ) (inclusive) 0.129 0.033 0.022 0.009

B 0
s ! K " (892)0K " (892)0 " 0.127 0.086 0.035

the treatment of the acceptance, is mostly driven by the limited size of the simulation samples Ñ due
to the large phase space investigated in this analysis, very large simulation samples are required. In
order to produce signiÞcantly larger samples it will be necessary to exploit rapid simulation production
mechanisms, since increases in available CPU power are not expected to keep pace with the size of the
data samples. Another important systematic uncertainty due to the modelling of theK # resonant and
non-resonant components can be reduced by incorporating results of state-of-the-art studies of theK #
system, but some component of this may be irreducible. Other systematic uncertainties are mainly based
on control samples. Therefore it is expected that the limiting systematic uncertainty will be not larger
than" (syst.) # 0.03 rad.

The measured and extrapolated statistical sensitivities for! d øds
s are given in Table7, both for the

average over theB 0
s ! (K + #! )(K ! #+ ) system and for the exclusiveB 0

s ! K " (892)0K " (892)0

decay. The sensitivities forB 0
s ! (K + #! )(K ! #+ ) are also included in Fig.20. In the current

analysis, the same weak phase is assumed for all contributions, but as the precision increases it will
be possible to determine! d øds

s separately for each, including possible polarisation dependence in the
B 0

s ! K " (892)0K " (892)0 decay. The systematic uncertainty related to modelling of components is
expected to be smaller when focusing on theK " (892) resonance, since its lineshape is well known.
Moreover, by making similar studies with theB 0 ! (K + #! )(K ! #+ ) mode, it will be possible to ob-
tain all necessary inputs for the U-spin analysis of each component separately, leading to good control of
the theoretical uncertainty on the prediction for! d øds

s .

Finally, LHCb can also make measurements of! duu
s using a decay-time-dependent ßavour-tagged

Dalitz-plot analysis ofB 0
s ! K 0

S #+ #! decays [169]. Preliminary sensitivity studies indicate that the pre-
cision achievable on! duu

s with the full Run 1 + Run 2 dataset is approximately0.4 rad. Extrapolation to
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¥ LHCb will get a precision on # s similar to 
that from tree-level decays with 23fb-1.
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Figure 1.3.: Feynman diagrams contributing to B 0
s -B 0

s mixing.

of the CP-violating phase inB 0
s mixing, ! SM

s , and the CP asymmetry, aSM
s , have been

calculated by Lenz and Nierste (2011) [14] to be

! SM
s = 0.0038± 0.0010 rad, (1.61)

aSM
s = (1 .9 ± 0.3) á10! 5. (1.62)

The theoretical calculation of the SM box diagram is explained in more detail in Ap-

pendix C.

1.4.1.2. Prospects for New Physics in B 0
s -B 0

s Mixing

The phenomenology ofB 0
s -B 0

s mixing allows for New Physics (NP) extensions to be

parametrised in a largely model-independent way. Through the inclusion of the NP

complex parameter,! s, the description ofB 0
s -B 0

s mixing can be extended to

M12 ! M SM
12 á! s, (1.63)

where! s " |! s|ei ! !
s . This means that theCP-violating phase inB 0

s -B 0
s mixing undergoes

the simple extension of! s ! ! SM
s + ! !

s . In the SM, |! s| = 1 and ! !
s = 0.

Experimentally, the SM is tested through measurements inB 0
s ! J/ " K + K ! and

B 0
s ! J/ " # + #! decays. As a tree level process, theCP-violating phase measured inb !

scc transitions, # 2$s, is given througharg(VtbV "
ts /VcbV "

cs), where penguin contributions

are neglected. This is a measurement ofCP violation in mixing as the imaginary

component ofVcbV "
cs is suppressed toO(%4) in the Wolfenstein parametrisation. The

combined recent LHCb measurement of theCP-violating phase in B 0
s ! J/ " K + K !

and B 0
s ! J/ " # + #! decays is found to be! s = 0.01± 0.07(stat) ± 0.01(syst) rad [15].

The 68 %, 95 % and 99 % conÞdence levels are shown in Figure1.4 along with the SM

prediction for the Þt to B 0
s ! J/ " K + K ! events. It can be seen that the measured result

+
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Figure 1.6.: Feynman diagrams contributing to the B 0
s ! !! decay, consisting of a gluonic

penguin (top-left), electroweak penguin (top-right), and a 2-loop gluonic penguin
(bottom).

The B 0
s ! !! decay is an example of a pseudo-scalar to vector vector (P ! V V)

process. This means that there is a mixture of polarisation amplitudes in the Þnal

state. These are theCP-even longitudinal (A0), the CP-odd transverse (A! ) and the

CP-even transverse (A" ) polarisations. In order to measureCP violation in this decay,

the polarisations, along with their associated interferences must be disentangled by

measuring decay angle distributions. A popular choice for theB 0
s ! !! decay is the

helicity basis (explained in detail in Figure1.7). The need for the measurement of the

decay angles complicates the determination of theCP-violating phase in the interference

between mixing and decay and therefore results in a more complex expression than

that given in equation 1.48. The derivation of the form is explained in greater detail in

Appendix A.
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Unitary triangle impact

 22

¥ The HL-LHC will have a 
huge impact on the UT.

¥ Even with SM-like NP, start to 
probe the TeV scale.

Fig. 23: Present (left) and future (center: phase 1, right: phase 2) constraints in the(ø! , ø" ) plane (UTÞt
collaboration).

Table 10: Relative uncertainties on the predictions of UT parameters and angles, using current and
extrapolated input values for measurements and theoretical parameters (UTÞt collaboration).

# ø! ø" A sin 2$ % & $s
Current 0.12% 9% 3% 1.5% 4.5% 3% 2.5% 3%
Phase 1 0.12% 2% 0.8% 0.6% 0.9% 0.9% 0.7% 0.8%
Phase 2 0.12% 1% 0.6% 0.5% 0.6% 0.8% 0.4% 0.5%

amplitudes, where its virtual effects compete with loop-level SM amplitudes, we can still use the mea-
surements of|Vud|, |Vus|, |Vcb|, |Vub|, %and& (allowing for NP contributions in penguins, but barring
order-of-magnitude enhancements of electroweak penguins) to obtain the Òtree-levelÓ determination of
the UT. This allows us to obtain the SM prediction forK , Bd andBs mixing amplitudes. Comparing
them with the experimental results we can extractC! K

= ' K / ' SM
K and

CB q
e

i " B q =
!Bq|H SM+NP | øBq"

!Bq|H SM| øBq"
. (21)

The SM point isCi = 1 , ( i = 0 . Using semileptonic asymmetries it is possible to break the degeneracy
for %# %+ 180! present in the tree-level determination of the CKM matrix [198], getting rid of the
solution in the third quadrant. We then obtain the results in Table11 for the projected errors on CKM
parameters and on the NP parameters. Note that at present the NP contribution that are about an order of
magnitude smaller than the SM are still perfectly allowed. At the end of Phase 2 we will be able to probe
amplitudes that are another factor of 4 smaller than possible at present (corresponding to about a factor
of 2 higher reach in the NP scale for dimension 6 NP operators). The corresponding two-dimensional
distributions forBd andBs mixing are shown in Fig.24.

Combining the results of the generalized UT analysis with the constraints onCP violation in D
mixing from Sec. 3.7.5, we can consider the most general! F = 2 effective Hamiltonian and place
bounds on its coefÞcients (barring accidental cancellations). The most general effective Hamiltonians
for ! F = 2 processes beyond the SM have the following form [199] (with q1q2 = sd, uc, bqfor
M = K, D, B q)

H M " øM
e! =

5!

i =1

Ci Qq1q2
i +

3!

i =1

÷Ci
÷Qq1q2

i , (22)
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Fig. 25: Present (lighter) and future Phase 2 (darker) constraints on the NP scale from the UTÞt NP
analysis. The right panel shows constraints assuming NP is weakly coupled, has MFV structure of
couplings, and enters observables only at one loop, see text for details.
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Flavour physics with second generation
• With flavour blind NP couplings, measurements of kaon 

and charm physics become the most sensitive.

!23

• In addition, charm physics probes up-type quark couplings, 
complementary to B and K decays.Figure 2. Current constraints of neutral meson oscillation measurements on new! F = 2

dimension six operator contributions, given in terms of the e" ective operator scale (for generic
ßavour structures on the left and in the MFV limit on the right) or Wilson coe # cientsÕ size (in
the centre). Bounds on the CP conserving and CP violating contributions are shown in blue
and red, respectively (see text for details).

operators involving only SM Þelds [4] via the matching procedure

L BSM ! L ! SM +
!

d> 4

Q(d)
i

$ d! 4 , (3)

where d is the canonical operator dimension. Below the EW breaking scale, these new
contributions can lead to (a) shifts in the Wilson coe# cients corresponding toQi present in
L e!

weak already within the SM; (b) the appearance of new e" ective local operators. In both cases,
the resulting e" ects on the measured ßavour observables can be computed systematically. Given
the overall good agreement of SM predictions with current experimental measurements, such
procedure typically results in severe bounds on the underlying NP ßavour breaking sources in
L BSM .

Let us consider the canonical example of NP in! F = 2 processes associated with oscillations
of neutral mesons (for recent extended discussion see [5]). The leading (d = 6) NP operators
are of the form Q(6)

AB " zij [øqi %A qj ] # [øqi %B qj ], where qi denote the SM quark Þelds, while%A,B

denote the Cli" ord algebra generators. Assumingzij to be generic O(1) complex numbers,
z " exp(i ! NP ), the reach of current constraints in terms the probed NP scales$ are shown
in Fig. 2 (left). It is important to stress that most of these constraints are currently limited
by theory (i.e. lattice QCD inputs [6]) and parametric uncertainties. Consequently, signiÞcant
future improvements will require a corroborative e" ort of mostly lattice QCD methods on the
theory side, as well as improved experimental determinations of SM CKM parameters by ßavour
experiments, most notably LHCb and Belle II. Among the few ! F = 2 observables which
remain largely free from theoretical uncertainties are those related to CP violation inD 0 and
Bs oscillations. These are expected to remain e" ective experimental null-tests of the SM in the
foreseeable future.

The current severe ßavour bounds could be interpreted as a requirement on beyond SM
(BSM) degrees of freedom to exhibit a large mass gap with respect to the EW scale (if the
NP ßavour and CP breaking sources are of order one and not aligned withYu,d). Conversely,
TeV scale NP (c.f. Fig. 2 (centre)) can only be reconciled with current experimental results,
provided it exhibits su# cient ßavour symmetry or structure, such that |zij | $ 1 (the extreme
case being minimal ßavour violation (MFV) [7], where one requiresYu,d to be the only sources
of ßavour breaking even BSM) . However, even in this most minimalistic scenario, the suggestive
pattern of masses and mixing observed in both the quark and lepton (neutrino) sectors remains
largely unexplained. It thus remains as one of the ultimate goals of ßavour physics to determine
whether the observed hierarchies and structures of ßavour parameters are purely accidental, or

3
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Charm mixing and CPV
• We are looking at billions of reconstructed  charm signals at 

LHCb upgrade II.


• How are we going to record all of this?

!24

Fig. 26: The predicted constraints on the indirectCP violation asymmetry in charm from the decay
channels indicated in the labels at the bottom of the columns. Predictions are shown in LS2 (2020) from
LHCb, LS3 (2025) from LHCb, at the end of Belle II (2025), and at the end of the HL-LHC LHCb
Upgrade II programme.
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Fig. 27: The estimated constraints for LHCb Upgrade II on! , |q/p| from the combination of the analyses
(red), see main text for details, compared to the current world-average precision (light blue). The notation
on the axes or lowercasea corresponds to the uppercaseA used in the section text.

A measurement of the time-integratedCP asymmetry inD 0 ! K ! K + has been performed in
LHCb with 3 fb! 1 collected at centre-of-mass energies of 7 and 8TeV. The ßavour of the charm meson
at production is determined from the charge of the pion inD " + ! D 0" + decays, or via the charge of
the muon in semileptonicb-hadron decays,B ! D 0µ! #µX . The analysis strategy so far relies on the
D + ! K + " + " ! , D + ! K 0

s " + andD " + ! D 0(! K ! " + )" + decays as control samples [284].
In this case, due to the weighting procedures aiming to fully cancel the production and reconstruction
asymmetries, the effective prompt signal yield forACP (K ! K + ) is reduced. The expected signal yields
and the corresponding statistical precision in LHCb Upgrade II are summarised in Table17.

The observable! ACP is robust against systematic uncertainties. The main sources of systematic
uncertainties are inaccuracies in the Þt model, the weighting procedure, the contamination of the prompt
sample with secondaryD 0 mesons and the presence of peaking backgrounds. There are no systematic

70

• Will allow for a remarkable 
sensitivity.

• If detector performance is kept, 
expect no show-stoppers in 
terms of systematic uncertainties 
for mixing and indirect CPV.

arXiv:1812.07638

https://arxiv.org/abs/1812.07638


Direct CPV in charm
• Time integrated CPV measurements will also be statistically 

limited in LHCb upgrade II.


¥ "(ACP) for DÑ>hh is particularly robust.

!25

• In addition to the D—>hh modes, can 
also measure CPV in more difficult 
signatures to help interpret any non-
zero CPV effect.

Table 17:Extrapolated signal yields at LHCb and statistical precision on directCP violation observables for the
promptly produced samples.

Sample (L ) Tag Yield Yield ! (! ACP ) ! (ACP (hh))
D 0 ! K ! K + D 0 ! " ! " + [%] [%]

Run 1-2 (9 fb! 1) Prompt 52M 17M 0.03 0.07
Run 1-3 (23 fb! 1) Prompt 280M 94M 0.013 0.03
Run 1-4 (50 fb! 1) Prompt 1G 305M 0.01 0.03
Run 1-5 (300 fb! 1) Prompt 4.9G 1.6G 0.003 0.007

Fig. 28: The estimated constraints for LHCb Upgrade II on indirect and direct charmCP violation from
the analysis of two-bodyCP eigenstates. The current world-average precision [285] is ± 2.6 " 10! 4 for
indirect and± 18" 10! 4 for directCP violation and thus larger than the full scale of this plot.

uncertainties with expected irreducible contributions above the ultimate statistical precision. This chan-
nel is already entering the upper range of the physically interesting sensitivities, and will likely continue
to provide the worldÕs best sensitivity to directCP violation in charm at LHCb Upgrade II. The power
of these two-bodyCP eigenstates at LHCb Upgrade II is illustrated in Fig.28, which shows the indirect
(see Sect.3.7.4) and directCP constraints that will come from these modes.

There are a number of other two-body modes of strong physics interest for which Upgrade II will
also make important contributions. These include the decay modesD 0 ! K 0

S K 0
S (0.28%),D 0 !

K 0
S

øK " 0 (0.21%),D 0 ! K 0
S K " 0 (0.15%),D +

s ! K 0
S " + (3.2 " 10! 4), D + ! K 0

S K + (1.2 " 10! 4),
D + ! #" + (6 " 10! 5), D + ! $#" + (3.2 " 10! 5), D +

s ! $#" + (3.2 " 10! 4), where the projected
statistical onlyCP asymmetry sensitivities are given in brackets after the decay mode. The Þrst three
modes mentioned are notable as they receive sizeable contributions from exchange amplitudes at tree-
level and could have a relatively enhanced contribution from penguin annihilation diagrams which are
sensitive to NP. Consequently, they could be potentialCP violation discovery channels [225], [226].

Searches for directCP violation in the phase space of SCSD + ! h1h2h3 decays, hereafter
referred to asD ! 3h, are complementary to that ofD (0,+) ! h1h2 (hi = " , K ). In chargedD
systems, onlyCP violation in the decay is possible. The main observable is theCP asymmetry, which, in
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• Take will be to characterise and 
interpret CPV rather than 
searching for it.
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Kaon physics 
• LHCb has already published world 

leading limits on the decay Ks0—>µµ. 


• Interesting trigger challenge.


• This is expected to reach the theoretically 
interesting region in upgrade II.

!26

• Other semileptonic modes such as 
Ks0—>π0µµ can also be probed.


• Tests of LFU and LFV in kaons can 
also be performed.
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Fig. 31: Projected LHCb reach forB(K 0
S ! µ+ µ! ) as a function of the integrated luminosity times trig-

ger efÞciency (which is expected to beO(1) in LHCb Upgrade II. The black band is the SM prediction.
Figure adapted from Ref. [298], which is based on the data used in [308].

with ! (K S ! µ+ µ! ) = f 2
K m3

K ! µ

!
A2

S + ! 2
µ |BS|2

"
/ (16" ), where Þnal-state muon polarizations are

summed over,tmin to tmax corresponds to a range of detector forK S tagging,#(t) is the decay-time

acceptance of the detector,! µ =
#
1 " 4m2

µ/m 2
K

$1/ 2, and f K = (155.9 ± 0.4) MeV [309]. The
K L ! µ+ µ! background can be subtracted by a combination of the simultaneous measurement of
K S ! " + " ! and the knowledge of the observed value ofB(K L ! µ+ µ! ) [303]. The dilution factor
D is a measure of the initialK 0ÐK 0 asymmetry,

D =
#
K 0 " K 0$

/
#
K 0 + K 0$

. (56)

TheAS,L andBS,L are theS-wave andP-wave contributions inK S,L ! µ+ µ! transitions, respectively.
The expressions for them are given in Ref. [307] using the general" S = 1 effective Hamiltonian. Note
thatAS andBL are real, whileBS andAL are complex.

The interference contribution is proportional to the dilution factor,D , which requires ßavor tag-
ging. This can be done by detecting the accompanyingK ! in the processpp ! K 0K ! X , # 0 in the
processpp ! K 0# 0X , or " + in the processpp ! K " + X ! K 0" + X [303].

In the SM, the effective branching ratio in Eq. (55) can be reduced to [303,307]

ASAL " ! 2
µB "

SBL =
4G2

F M 2
W m2

µ

m2
K " 2 ImCA, SM% &' (

SD (CPV)

)
Aµ

L !!%&' (
LD (CPC)

"
" 2

G2
F M 2

W

ReCA, SM% &' (
SD (CPC)

*
. (57)

The Wilson coefÞcientCA is deÞned by,H e! = " CA (s$µPL d)(%$µ$5%) + h.c., and

CA, SM = "
[&2(M Z )]2

2M 2
W

#
V "

tsVtdYt + V "
csVcdYc

$
, (58)

where&2 = g2/ (4" ), Yt = 0 .950± 0.049andYc = (2 .95± 0.46)# 10! 4 [310]. The largeCP-conserving
LD two-photon contribution toK L is [302,311]

Aµ
L !! = ± 2.01(1) # 10! 4 # (0.71(101)" i 5.21) , (59)

where the sign is theoretically and experimentally unknown. The large imaginary (absorptive) compo-
nent inAµ

L !! can amplify the smallCP-violating SD contribution inK S ! µ+ µ! . Fig. 32 shows the
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scenarios of detector performance. This shows that LHCb Upgrade II could update some of the existing
limits, a result that per se already makes these searches promising. Even more interestingly, LHCb
Upgrade II could probe part of the parameter space for LFV kaon decays suggested by theB -physics
anomalies. This conclusion in turn calls attention to other running and upcoming facilities, including
Belle-II, NA62 [352], as well as the newly proposed TauFV [353]. Dedicated sensitivity studies for these
facilities are required in order to make more quantitative statements. Yet, the experimental outlook for
all these modes is certainly promising.

4.7 Hyperons at HL-LHC

The LHCb can contribute signiÞcantly to the strangeness-physics programme with measurements of
hyperon decays. There is vast room for improvement in this sector as most of the data for the standard
modes, both in nonleptonic and semileptonic decays, is about 40 years old, and many of the rare decays
sensitive to SD physics have not even been searched for. An exploratory study of the LHCbÕs potential
in hyperon physics was presented in [354]; here we summarize the main conclusions.

Current experimental data on the semileptonic hyperon decays! ! pµ" ø" , " " ! ! µ" ø" and
" " ! # 0µ" ø" is quite poor, with relative uncertainties in the range of 20%-100%. These decay modes
can be partially reconstructed at the LHCb, where the kinematic distributions allow one to discriminate
from the peaking backgrounds of! ! p! " and" " ! ! ! " . Besides testing lepton-universality by
comparing with the semi-electronic modes, these decays are sensitive to BSM scalar and tensor cur-
rents [355]. If percent precision is achieved in the measurement of semi-muonic branching fractions,
they could contribute to a better determination of the CKM matrix element|Vus| from hyperon de-
cays [356Ð359].

A golden mode among the rare hyperon decays is# + ! pµ+ µ" , to which LHCb recently con-
tributed with an evidence for the decay at 4.1# and a di-muon invariant distribution consistent with the
SM [360], thus challenging the HyperCP anomaly [361]. With dedicated triggers and the upgraded LHCb
detector in the HL phase about a thousand events per year of data-taking could be measured, which will
allow one to measure angular distributions or directCP asymmetries that have been shown to be sensitive
to SD physics [261,362]. The equivalent channel with lepton number violation,# ! øpµ+ µ+ can also
be searched for, with potential sensitivities at the10" 9 level. Other$ S = 1 semileptonic rare hyperon
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Hadron spectroscopy
• Always a surprise, never know when you will find the next particle.


• We do know, however, that the LHC is the only facility to be able 
comprehensively study the full range of possible excited states.
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decaying toJ/ ! n [473]. However this Þnal state does not lend itself well to observation. Instead, the
search for the neutral pentaquark candidate can be carried out using decays into pairs of open charm, in
particular in the process# 0

b ! # +
c D ! K " 0, where the neutral pentaquark states would appear as reso-

nances in the# +
c D ! subsystem (Fig.39 left). Such decays can be very well reconstructed, but the total

reconstruction efÞciency suffers from the large number of tracks and the small branching fractions of# +
c

andD ! reconstructable Þnal states; the total reconstruction efÞciency is about a factor 50 smaller than
the efÞciency for the# 0

b ! J/ ! pK ! channel. If there could exist pentaquarks of an isospin quadruplet,
then there is the interesting possibility to Þnd doubly charged pentaquarks decaying into$ ++

c D 0. Chan-
nels such as these require very large data sets to offset the low efÞciency. The magnet side stations will
also improve the reconstruction efÞciency of such decay modes with several tracks in the Þnal states.

The relative coupling of the pentaquark states to their decays into the double open-charm channels
will depend on their internal structure and the spin structure of the respective decay. For that reason it
is important to study decays involvingD " + resonances as well (e.g.,P+

c ! D "! $ ++
c ) to investigate

the internal structure of pentaquarks [664]. Since these decays require the reconstruction of slow pions
from theD " + decays, the proposed tracking stations inside the magnet, enhancing the acceptance for
low-momentum particles, will be highly beneÞcial for this study.
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• In the last few years, we have seen a few 
‘particles’ which appear to defy 
conventional hadron spectroscopy.


• With the HL-LHC we should be able to find 
partners of these, new decay modes and 
confirm resonant behaviour with 
extraordinary precision.
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Summary
• I hope I have convinced you that the reward in the flavour sector 

of the HL-LHC is considerable.


• I would like to apologise for missing out of some very interesting 
prospects, LNV signatures and               to name a couple. 

• More details can be found in the WG4 report for the HL-LHC: 
arXiv:1812.07638
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