
Physics Summary 
 
 
Niels Tuning 
 
Upgrade II workshop, 10 Apr 2019 

10 Apr 2019 -  Upgrade II workshop - Niels Tuning 



Thanks to the organizers 

10 Apr 2019 -  Upgrade II workshop - Niels Tuning 



Physics topics on the Agenda: 

10 Apr 2019 -  Upgrade II workshop - Niels Tuning 3 



Where we come from... 

10 Apr 2019 -  Upgrade II workshop - Niels Tuning 

•  Letter-of-Intent 1995 

4 



10 Apr 2019 -  Upgrade II workshop - Niels Tuning 

Flavour Physics in the HL-LHC era

Prototypical example: FCNCs

MSM ⇠
Weakz}|{
GF

Loopz }| {
y

2
t

16⇡2

Flavorz }| {
(V ⇤

tsVtb)
2

| {z }
GIM

Flavour observables probe (indirectly) very high energy scales!
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This Letter reports the results of experimental
studies designed to search for the 2m decay of the
K, meson. Several previous experiments have
served"~ to set an upper limit of 1/300 for the
fraction of K2 's which decay into two charged pi-
ons. The present experiment, using spark cham-
ber techniques, proposed to extend this limit.
In this measurement, K,' mesons were pro-

duced at the Brookhaven AGS in an internal Be
target bombarded by 30-BeV protons. A neutral
beam was defined at 30 degrees relative to the

1 1circulating protons by a 1&-in. x 12-in. x 48-in.
collimator at an average distance of 14.5 ft. from
the internal target. This collimator was followed
by a sweeping magnet of 512 kG-in. at -20 ft. .
and a 6-in. x 6-in. x 48-in. collimator at 55 ft. A
1~-in. thickness of Pb was placed in front of the
first collimator to attenuate the gamma rays in
the beam.
The experimental layout is shown in relation to

the beam in Fig. 1. The detector for the decay
products consisted of two spectrometers each
composed of two spark chambers for track delin-
eation separated by a magnetic field of 178 kG-in.
The axis of each spectrometer was in the hori-
zontal plane and each subtended an average solid
angle of 0.7&& 10 steradians. The squark cham-
bers were triggered on a coincidence between
water Cherenkov and scintillation counters posi-
tioned immediately behind the spectrometers.
When coherent K,' regeneration in solid materials
was being studied, an anticoincidence counter was
placed immediately behind the regenerator. To
minimize interactions K2' decays were observed
from a volume of He gas at nearly STP.

Water

The analysis program computed the vector mo-
mentum of each charged particle observed in the
decay and the invariant mass, m*, assuming
each charged particle had the mass of the
charged pion. In this detector the Ke3 decay
leads to a distribution in m* ranging from 280
MeV to -536 MeV; the K&3, from 280 to -516; and
the K&3, from 280 to 363 MeV. We emphasize
that m* equal to the E' mass is not a preferred
result when the three-body decays are analyzed
in this way. In addition, the vector sum of the
two momenta and the angle, |9, between it and the
direction of the K,' beam were determined. This
angle should be zero for two-body decay and is,
in general, different from zero for three-body
decays.
An important calibration of the apparatus and

data reduction system was afforded by observing
the decays of K,' mesons produced by coherent
regeneration in 43 gm/cm' of tungsten. Since the
K,' mesons produced by coherent regeneration
have the same momentum and direction as the
K,' beam, the K,' decay simulates the direct de-
cay of the K,' into two pions. The regenerator
was successively placed at intervals of 11 in.
along the region of the beam sensed by the detec-
tor to approximate the spatial distribution of the
K,"s. The K,' vector momenta peaked about the
forward direction with a standard deviation of
3.4+0.3 milliradians. The mass distribution of
these events was fitted to a Gaussian with an av-
erage mass 498.1+0.4 MeV and standard devia-
tion of 3.6+ 0.2 MeV. The mean momentum of
the K,o decays was found to be 1100 MeV/c. At
this momentum the beam region sensed by the
detector was 300 K,' decay lengths from the tar-
get.
For the K,' decays in He gas, the experimental

distribution in m is shown in Fig. 2(a). It is
compared in the figure with the results of a
Monte Carlo calculation which takes into account
the nature of the interaction and the form factors
involved in the decay, coupled with the detection
efficiency of the apparatus. The computed curve
shown in Fig. 2(a) is for a vector interaction,
form-factor ratio f /f+= 0.5, and relative abun-
dance 0.47, 0.37, and 0.16 for the Ke3, K&3, and
Eg3 respectively. The scalar interaction has
been computed as well as the vector interaction
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the forward peak after subtraction of background
out of a total corrected sample of 22 700 K,' de-
cays.
Data taken with a hydrogen target in the beam

also show evidence of a forward peak in the cos0
distribution. After subtraction of background,
45+ 10 events are observed in the forward peak
at the K' mass. We estimate that -10 events can
be expected from coherent regeneration. The
number of events remaining (35) is entirely con-
sistent with the decay data when the relative tar-
get volumes and integrated beam intensities are
taken into account. This number is substantially
smaller (by more than a factor of 15) than one
would expect on the basis of the data of Adair
et al. '
We have examined many possibilities which

might lead to a pronounced forward peak in the
angular distribution at the K' mass. These in-
clude the following:
(i) K,' coherent regeneration. In the He gas it

is computed to be too small by a factor of -10' to
account for the effect observed, assuming reason
able scattering amplitudes. Anomalously large
scattering amplitudes would presumably lead to
exaggerated effects in liquid H, which are not
observed. The walls of the He bag are outside
the sensitive volume of the detector. The spatial
distribution of the forward events is the same as
that for the regular K,' decays which eliminates
the possibility of regeneration having occurred
in the collimator.
(ii) K&3 or Ke3 decay. A spectrum can be

constructed to reproduce the observed data. It
requires the preferential emission of the neutrino
within a narrow band of energy, +4 MeV, cen-
tered at 17+ 2 MeV (K&3) or 39+ 2 MeV (Ke3).
This must be coupled with an appropriate angular
correlation to produce the forward peak. There
appears to be no reasonable mechanism which
can produce such a spectrum.
(iii) Decay into w+7t y. To produce the highly

singular behavior shown in Fig. 3 it would be
necessary for the y ray to have an average ener-
gy of less than 1 MeV with the available energy
ext nding to 209 MeV. We know of no physical
process which would accomplish this.
We would conclude therefore that K2 decays to

two pions with a branching ratio R = (K2- w++ w )/
(K,'- all charged modes) = (2.0+ 0.4) && 10 where
the error is the standard deviation. As empha-
sized above, any alternate explanation of the ef-
fect requires highly nonphysical behavior of the
three-body decays of the K,'. The presence of a
two-pion decay mode implies that the K,' meson
is not a pure eigenstate of CI'. Expressed as
K,0=2 "'[(K,-KO)+e(KO+KJ] then I&I'= R&T—IT2
where 7, and T, are the K, and K,' mean lives
and RZ is the branching ratio including decay to
two r'. Using RT = &R and the branching ratio
quoted above, l et =—2.3x 10
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K, meson. Several previous experiments have
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ber techniques, proposed to extend this limit.
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by a sweeping magnet of 512 kG-in. at -20 ft. .
and a 6-in. x 6-in. x 48-in. collimator at 55 ft. A
1~-in. thickness of Pb was placed in front of the
first collimator to attenuate the gamma rays in
the beam.
The experimental layout is shown in relation to

the beam in Fig. 1. The detector for the decay
products consisted of two spectrometers each
composed of two spark chambers for track delin-
eation separated by a magnetic field of 178 kG-in.
The axis of each spectrometer was in the hori-
zontal plane and each subtended an average solid
angle of 0.7&& 10 steradians. The squark cham-
bers were triggered on a coincidence between
water Cherenkov and scintillation counters posi-
tioned immediately behind the spectrometers.
When coherent K,' regeneration in solid materials
was being studied, an anticoincidence counter was
placed immediately behind the regenerator. To
minimize interactions K2' decays were observed
from a volume of He gas at nearly STP.

Water

The analysis program computed the vector mo-
mentum of each charged particle observed in the
decay and the invariant mass, m*, assuming
each charged particle had the mass of the
charged pion. In this detector the Ke3 decay
leads to a distribution in m* ranging from 280
MeV to -536 MeV; the K&3, from 280 to -516; and
the K&3, from 280 to 363 MeV. We emphasize
that m* equal to the E' mass is not a preferred
result when the three-body decays are analyzed
in this way. In addition, the vector sum of the
two momenta and the angle, |9, between it and the
direction of the K,' beam were determined. This
angle should be zero for two-body decay and is,
in general, different from zero for three-body
decays.
An important calibration of the apparatus and

data reduction system was afforded by observing
the decays of K,' mesons produced by coherent
regeneration in 43 gm/cm' of tungsten. Since the
K,' mesons produced by coherent regeneration
have the same momentum and direction as the
K,' beam, the K,' decay simulates the direct de-
cay of the K,' into two pions. The regenerator
was successively placed at intervals of 11 in.
along the region of the beam sensed by the detec-
tor to approximate the spatial distribution of the
K,"s. The K,' vector momenta peaked about the
forward direction with a standard deviation of
3.4+0.3 milliradians. The mass distribution of
these events was fitted to a Gaussian with an av-
erage mass 498.1+0.4 MeV and standard devia-
tion of 3.6+ 0.2 MeV. The mean momentum of
the K,o decays was found to be 1100 MeV/c. At
this momentum the beam region sensed by the
detector was 300 K,' decay lengths from the tar-
get.
For the K,' decays in He gas, the experimental

distribution in m is shown in Fig. 2(a). It is
compared in the figure with the results of a
Monte Carlo calculation which takes into account
the nature of the interaction and the form factors
involved in the decay, coupled with the detection
efficiency of the apparatus. The computed curve
shown in Fig. 2(a) is for a vector interaction,
form-factor ratio f /f+= 0.5, and relative abun-
dance 0.47, 0.37, and 0.16 for the Ke3, K&3, and
Eg3 respectively. The scalar interaction has
been computed as well as the vector interaction
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that m* equal to the E' mass is not a preferred
result when the three-body decays are analyzed
in this way. In addition, the vector sum of the
two momenta and the angle, |9, between it and the
direction of the K,' beam were determined. This
angle should be zero for two-body decay and is,
in general, different from zero for three-body
decays.
An important calibration of the apparatus and

data reduction system was afforded by observing
the decays of K,' mesons produced by coherent
regeneration in 43 gm/cm' of tungsten. Since the
K,' mesons produced by coherent regeneration
have the same momentum and direction as the
K,' beam, the K,' decay simulates the direct de-
cay of the K,' into two pions. The regenerator
was successively placed at intervals of 11 in.
along the region of the beam sensed by the detec-
tor to approximate the spatial distribution of the
K,"s. The K,' vector momenta peaked about the
forward direction with a standard deviation of
3.4+0.3 milliradians. The mass distribution of
these events was fitted to a Gaussian with an av-
erage mass 498.1+0.4 MeV and standard devia-
tion of 3.6+ 0.2 MeV. The mean momentum of
the K,o decays was found to be 1100 MeV/c. At
this momentum the beam region sensed by the
detector was 300 K,' decay lengths from the tar-
get.
For the K,' decays in He gas, the experimental

distribution in m is shown in Fig. 2(a). It is
compared in the figure with the results of a
Monte Carlo calculation which takes into account
the nature of the interaction and the form factors
involved in the decay, coupled with the detection
efficiency of the apparatus. The computed curve
shown in Fig. 2(a) is for a vector interaction,
form-factor ratio f /f+= 0.5, and relative abun-
dance 0.47, 0.37, and 0.16 for the Ke3, K&3, and
Eg3 respectively. The scalar interaction has
been computed as well as the vector interaction
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the forward peak after subtraction of background
out of a total corrected sample of 22 700 K,' de-
cays.
Data taken with a hydrogen target in the beam

also show evidence of a forward peak in the cos0
distribution. After subtraction of background,
45+ 10 events are observed in the forward peak
at the K' mass. We estimate that -10 events can
be expected from coherent regeneration. The
number of events remaining (35) is entirely con-
sistent with the decay data when the relative tar-
get volumes and integrated beam intensities are
taken into account. This number is substantially
smaller (by more than a factor of 15) than one
would expect on the basis of the data of Adair
et al. '
We have examined many possibilities which

might lead to a pronounced forward peak in the
angular distribution at the K' mass. These in-
clude the following:
(i) K,' coherent regeneration. In the He gas it

is computed to be too small by a factor of -10' to
account for the effect observed, assuming reason
able scattering amplitudes. Anomalously large
scattering amplitudes would presumably lead to
exaggerated effects in liquid H, which are not
observed. The walls of the He bag are outside
the sensitive volume of the detector. The spatial
distribution of the forward events is the same as
that for the regular K,' decays which eliminates
the possibility of regeneration having occurred
in the collimator.
(ii) K&3 or Ke3 decay. A spectrum can be

constructed to reproduce the observed data. It
requires the preferential emission of the neutrino
within a narrow band of energy, +4 MeV, cen-
tered at 17+ 2 MeV (K&3) or 39+ 2 MeV (Ke3).
This must be coupled with an appropriate angular
correlation to produce the forward peak. There
appears to be no reasonable mechanism which
can produce such a spectrum.
(iii) Decay into w+7t y. To produce the highly

singular behavior shown in Fig. 3 it would be
necessary for the y ray to have an average ener-
gy of less than 1 MeV with the available energy
ext nding to 209 MeV. We know of no physical
process which would accomplish this.
We would conclude therefore that K2 decays to

two pions with a branching ratio R = (K2- w++ w )/
(K,'- all charged modes) = (2.0+ 0.4) && 10 where
the error is the standard deviation. As empha-
sized above, any alternate explanation of the ef-
fect requires highly nonphysical behavior of the
three-body decays of the K,'. The presence of a
two-pion decay mode implies that the K,' meson
is not a pure eigenstate of CI'. Expressed as
K,0=2 "'[(K,-KO)+e(KO+KJ] then I&I'= R&T—IT2
where 7, and T, are the K, and K,' mean lives
and RZ is the branching ratio including decay to
two r'. Using RT = &R and the branching ratio
quoted above, l et =—2.3x 10
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Flavor physics was instrumental in discovering and shaping the SM
I Nuclear �-decays: Discovery weak interactions and neutrino

I Rare Kaon-decays: Discovery of the charm quark

I Kaon decays: Discovery of CP violation =) Discovery of 3 generations

Expect the unexpected ...

Thanks to Zoltan Ligeti for sharing this

J. Martin Camalich (IAC) Flavour elements of the HL/HE-LHC workshop April 8th 2019 5 / 21

J.Martin Camalich 

55 years of CP violation

observation of KL ! ⇡+⇡�
in 1964

= first observation of CP violation

‚ Nobel Prize 1980

CP violation in kaon mixing

first observation that CP symmetry is

not conserved

prediction of third generation of

fermions Kobayashi, Maskawa (1973)

today: impressive agreement with SM

prediction, strongest flavour constraint

on NP scale

Christenson et al. (1964)

2 M.Blanke Status and prospects of CP violation in Beauty
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Precision physics! 
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•  Historical record of indirect discoveries: 

Particle Indirect Direct 
ν β decay Fermi 1932 Reactor ν-CC Cowan, Reines 1956 

W β decay Fermi 1932 W!eν UA1, UA2 1983 

c K0!µµ GIM 1970 J/ψ Richter, Ting 1974 

b CPV K0!ππ CKM, 3rd gen 1964/72 Υ Ledermann 1977 

Z ν-NC Gargamelle 1973 Z! e+e- UA1 1983 

t B mixing ARGUS 1987 t! Wb D0, CDF 1995 

H e+e- EW fit, LEP 2000 H! 4µ/γγ CMS, ATLAS 2012 

? What’s next ? ? ? 
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Timeline 
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2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 203+ 

Run III Run IV Run V 
LS2 LS3 LS4 
LHCb 40 MHz 
UPGRADE I 

L = 2 x 1033 LHCb  
Consolidate: Upgr Ib 
 

L = 2 x 1033 
50 fb-1 

LHCb  
UPGRADE II 

L=1.5x 1034 

300 fb-1 

ATLAS 
Phase I Upgr 

 
L = 2 x 1034 

ATLAS  
Phase II UPGRADE 

HL-LHC 
L = 5 x 1034 

ATLAS HL-LHC 
L = 5 x 1034 

CMS 
Phase I Upgr 

300 fb-1 CMS   
Phase II UPGRADE 

CMS 3000 fb-1 

Belle 
II 

5 ab-1 L = 8 x 1035 50 ab-1 LHC schedule: Frederick Bordry, Jun 2015 

Belle II

Phillip URQUIJO

Upgrade 50 ab-1 → 250 ab-1 (Belle III?)

• Flavour physics has the potential to continue exploring new physics territory 

provided large enough samples are available. 

• Machine (SuperKEKB) upgrades are possible. 

• No concrete plan yet, just initial discussions. 

• Consider factor 5 increase in luminosity (peak and integrated). 

• Also considering possibility of polarisation. 

• Exploring upgrade possibilities for Belle II. 

• Commencing studies to understand detector limits and mitigation measures 

• Open upgrade effort (not just Belle II members). 

• Also open to new ideas from theory for new flavour measurements.

 28

News! 
Ph.Urquijo on Belle III,  
Durham, 3 Apr 2019 
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Main results statistics limited! 
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Table 10.1: Summary of prospects for future measurements of selected flavour observables for LHCb, Belle II and Phase-II ATLAS and CMS. The projected
LHCb sensitivities take no account of potential detector improvements, apart from in the trigger. The Belle-II sensitivities are taken from Ref. [608].

Observable Current LHCb LHCb 2025 Belle II Upgrade II ATLAS & CMS
EW Penguins
RK (1 < q2 < 6 GeV2c4) 0.1 [274] 0.025 0.036 0.007 –
RK⇤ (1 < q2 < 6 GeV2c4) 0.1 [275] 0.031 0.032 0.008 –
R�, RpK , R⇡ – 0.08, 0.06, 0.18 – 0.02, 0.02, 0.05 –

CKM tests
�, with B0

s ! D+
s K� (+17

�22
)� [136] 4� – 1� –

�, all modes (+5.0
�5.8)

� [167] 1.5� 1.5� 0.35� –
sin 2�, with B0 ! J/ K0

S
0.04 [609] 0.011 0.005 0.003 –

�s, with B0
s ! J/ � 49 mrad [44] 14 mrad – 4 mrad 22 mrad [610]

�s, with B0
s ! D+

s D�
s 170 mrad [49] 35 mrad – 9 mrad –

�ss̄s
s , with B0

s ! �� 154 mrad [94] 39 mrad – 11 mrad Under study [611]
as

sl
33 ⇥ 10�4 [211] 10 ⇥ 10�4 – 3 ⇥ 10�4 –

|Vub|/|Vcb| 6% [201] 3% 1% 1% –

B0
s ,B

0!µ+µ�

B(B0 ! µ+µ�)/B(B0
s ! µ+µ�) 90% [264] 34% – 10% 21% [612]

⌧B0
s!µ+µ� 22% [264] 8% – 2% –

Sµµ – – – 0.2 –

b ! c`�⌫̄l LUV studies
R(D⇤) 0.026 [215,217] 0.0072 0.005 0.002 –
R(J/ ) 0.24 [220] 0.071 – 0.02 –

Charm
�ACP (KK � ⇡⇡) 8.5 ⇥ 10�4 [613] 1.7 ⇥ 10�4 5.4 ⇥ 10�4 3.0 ⇥ 10�5 –
A� (⇡ x sin�) 2.8 ⇥ 10�4 [240] 4.3 ⇥ 10�5 3.5 ⇥ 10�4 1.0 ⇥ 10�5 –
x sin� from D0 ! K+⇡� 13 ⇥ 10�4 [228] 3.2 ⇥ 10�4 4.6 ⇥ 10�4 8.0 ⇥ 10�5 –
x sin� from multibody decays – (K3⇡) 4.0 ⇥ 10�5 (K0

S
⇡⇡) 1.2 ⇥ 10�4 (K3⇡) 8.0 ⇥ 10�6 –

112
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σ(stat)/σ(sys) Largest source of systematic 

2.5 Mass shape & trigger eff 

2.2 MC correction & residual bkgd 

3 Δms, time res, tagging, det asymmetry 

- 

8 Decay time: bias and efficiency 

8 Angular efficiency 

8 Decay time resolution 

5 Acceptance (angular and time) 

1.3 Track reco asymmetry 

0.5 External BR(Λc) 

6 fd/fs 

9 Decay time acceptance 

1 MC sample size 

1 F(Bc!J/ψ) form factor 

2.7 Mass model 

2.8 Contribution from sec b!D*X decays 

2 Contribution from sec b!D*X decays 

Table 7.2: Estimated yields of b ! se+e� and b ! de+e� processes and the statistical uncertainty
on RX in the range 1.1 < q2 < 6.0GeV2/c4 extrapolated from the Run 1 data. A linear
dependence of the bb production cross section on the pp centre-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 [274] 1 120 3 300 7 500 46 000
B0 ! K⇤0e+e� 111 ± 14 [275] 490 1 400 3 300 20 000
B0

s ! �e+e� – 80 230 530 3 300
⇤0

b ! pKe+e� – 120 360 820 5 000
B+ ! ⇡+e+e� – 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 [274] 0.043 0.025 0.017 0.007
RK⇤0 0.69 ± 0.11 ± 0.05 [275] 0.052 0.031 0.020 0.008
R� – 0.130 0.076 0.050 0.020
RpK – 0.105 0.061 0.041 0.016
R⇡ – 0.302 0.176 0.117 0.047

9C Re Δ
3− 2− 1− 0 1

10
C 

R
e

 
Δ

1.5−

1−

0.5−

0

0.5

1

1.5

2

2.5
SM
scenario II
scenario I

Figure 7.6: Constraints on the di↵erence in the C9 and C10 Wilson coe�cients from electron
and muon modes with the Run 3 and Upgrade II data sets. The 3� regions for the Run 3 data
sample are shown for the SM (solid blue), a vector-axial-vector new physics contribution (red
dotted) and for a purely vector new physics contribution (green dashed). The shaded regions
denote the corresponding constraints for the Upgrade II data set.

J/ decays to µ+µ� and e+e�. This approach is expected to work well, even with very large
data sets.

Other sources of systematic uncertainty can be mitigated through design choices for the
upgraded detector. The recovery of bremsstrahlung photons is inhibited by the ability to
find the relevant photons in the ECAL (over significant 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 e�ciency and improve the

78
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Run-1 è Upgrade II: Order of magnitude in precision 
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Table 10.1: Summary of prospects for future measurements of selected flavour observables for LHCb, Belle II and Phase-II ATLAS and CMS. The projected
LHCb sensitivities take no account of potential detector improvements, apart from in the trigger. The Belle-II sensitivities are taken from Ref. [608].
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Outline 

•  Rare Decays 
–  Very rare:  B(s)

0àµ+µ- 

–  FCNC EWP :  bàsll 

•  CP violation in Charm 
–  CPV in mixing:  yCP, AΓ 
–  CPV in decay:  ΔACP 

•  CP violation in Beauty 
–  Time dependent:  sin2β, φs 

–  Time integrated:  γ 

•  Heavy Ions 

10 Apr 2019 -  Upgrade II workshop - Niels Tuning 12 



Heavy Ions 
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E(Z TeV) √sNN 

pp p-208Pb 208Pb-208Pb 129Xe-129Xe p-16O 16O-16O 
√s=2E √s=2E√r √s=2Er, r=82/208 √s=2Er, r=54/129 √s=2E√r √s=2Er, r=8/16 

1.38 2.76 2013 

2.51 5.02 2015 
2017 

3.5 7 2011 4.40 2.76 2010 
LHCb off 

4 8 2012 5.02 2013 
2016 3.15 

6.37 8.00 5.02 2015 
2018 

6.5 13 2015- 
2018 8.16 2016 5.12 5.44 2017 

2.75 5.5 50 pb-1 

4.4 8.8 200 pb-1  

7 14 8.8 0.6 pb-1 

2023 5.5 2 nb-1 

2021, 22 9.9 200ub-1 7 500ub-1 

Besides Pb-Pb : pp reference, pA, l ighter nuclei

qNeed for pp reference at √s = 5.5 TeV:

àALICE (for HF and quarkonia needs) : ~10 pb-1 (see CERN-LHCC-2012-012)

àATLAS/CMS (for high-pT processes) : ~300 pb-1

q pPb collisions for three main goals: 

à Explore the partonic structure of nuclei

à Also a reference for Pb-Pb studies (Cold Nuclear Matter effects) 

à Study the development of collective effects in high-particle density collisions

q Lighter nuclei to study system size dependence and onset of QGP effects

à Larger instantaneous luminosity compensates the reduces yield for hard processes (which scales with A2)

5

L. Massacrier 

Requested luminosity taken from HL-LHC WG5 arXiv:1812.06772 
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Heavy Ions in the LHC 
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L. Massacrier 

Plans for heavy-ion data taking at the LHC in the next decade

6

q Running scenario and approved species choices according to ALICE LOI (2012)
q Maximum int. rate : 50 kHz in Pb-Pb; peak luminosity : 6 x 1027cm-2s-1; integrated lumi : 10nb-1

Some variations possible: 
- Easy modification: replace Pb-Pb 

by p-Pb or pp ref
- Requiring more preparation: 

replace Pb-Pb by other specie
(eg. Ar-Ar)

ALICE Collaboration, J. Phys. G 41 (2014) 087001

J. Jowett, Workshop on the physics of 
HL-LHC, oct. 2017

Pb-Pb@ 5.5 TeV
2.85 nb-1

Pb-Pb@ 5.5 TeV
(low mag. field)

2.85 nb-1
pp @ 5.5 TeV

10 pb-1

?

Pb-Pb@ 5.5 TeV
2.85 nb-1

p-Pb@ 8.8 TeV, 50 nb-1
Pb-Pb@ 5.5 TeV, 1.5 nb-1

Pb-Pb@ 5.5 TeV
2.85 nb-1

Prospects for physics opportunities in f ixed target mode for HL-LHC 
and beyond

qSeveral proposals in LHCb in the coming years for different physics motivations in the fixed target mode

qProposal in ALICE to install a fixed-target setup (solid target or gas-jet) during LS3

18

LHCb Upgrade 
(Phase 1) 

ALICE Upgrade 

LHCb Upgrade 
(Phase 2) 

SMOG2

EDM/MDM with bent crystal?

ALICE-FT with solid target?

LHC
injectors

LHCb-SPIN?

?

q Physics opportunities and projections by the AFTER@LHC study group for a LHCb-like detector assuming: 
- Lint ~ 10 fb-1 for pH collisions
- Lint ~ 100 pb-1 for pXe collisions
- Lint ~ 30 nb-1 for PbXe collisions
àWell beyond current expectations for Run3

arXiv: 807.00603



Heavy Ions at LHCb 
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LHCb strenght w.r.t ALICE in the forward region after the upgrades

9

Physics reach of ALICE for several observables after the LS2 upgrade (MUON + new MFT tracker) 

q Study of open charm and open 
beauty still limited
• Measurement through single muon 

decay (no PID)
• Still ~ 20% uncertainty on open 

charm at pT = 0
• Open beauty extraction limited to 

pT > 2 GeV/c

q No calorimeter at forward y           
(no Χc à γ + J/Ψ)

q LHCb will remain the only
experiment fully equipped in the 
forward region (with already
excellent M, pT resolution in pA,  
and accessing most central AA 
collisions after the Upgrade Phase II)

L. Massacrier 

Quarkonium and Open HF production in AA coll isions

13

q Χc measurement challenging in AA 
q Complementary to J/Ψ, Ψ(2S) to understand the charmonia

suppression/regeneration pattern
q Only LHCb can measure Χc à J/Ψ+γ at forward y (down to low pT)
q Interesting new channel Χc à J/Ψ+μ+μ- requires large stat (LHCb,  ALICE)

à 5 fb-1 in pp ~ 100 nb-1 Pb-Pb

q Measurement of Υ-states with good resolution at forward y
q Together with open beauty hadrons down to low pT (total bb cross section) 
q Measurement of baryonic heavy-quark states benefit from the improved

vertex reco performances and boost at forward y

LHCb Collaboration, PRL 119, 221801 

Precise differentiel ψ(2S), Χc, Υ production measurements could be studied at forward rapidity down to pT = 0 with
suitable open-charm and beauty normalization channels

Quarkonium photoproduction in AA coll isions with nuclear overlap

14

q First observation by ALICE of an excess in the yield of J/ψ at very low-pT in peripheral AA collisions 
à attributed to coherent photoproduction of J/ψ in collisions with nuclear overlap
à could potentially become a new golden probe of the QGP

q Run 3&4, measurement in most central AA collisions still challenging (~ 15% uncertainty on the yield)
q Excellent pT resolution (LHCb) to study the pT shape (and confirm the mechanism)
q Also needs large statistics : polarization measurement, Ψ(2S) and Υ vector mesons to study medium interactions

ALI-PREL-309896

ALICE Collaboration, J. Phys. G 41 (2014) 087001L. Massacrier, HP2018Open Heavy Flavour correlations in pA coll isions

16

q Run5:  Correlation in the bb sector needs luminosity ~ 10 pb-1 in pPb

q DD correlations in pA collisions provides information to test modification of nPDF
q Measurements in pT intervals provide differential information to test theoretical models with precision
q DD correlations in AA sensitive to in-medium eloss of heavy quarks (radiative versus collisional)

arXiv:1902.10229

Correlation of fully reconstructed
HF hadrons only possible in LHCb in 

the forward region

With which observables ? 

4

At HL-LHC (already starts at Run3 for ions) : focus on rare probes, their coupling with the medium and their
(medium-modified) hadronization process in AA collisions.  
à Requires very large statistics, diverse trigger approaches, upgraded detectors

Jets

Heavy  
Flavour

Quarkonia

Low-mass 
dileptons

Characterization of eloss mechanism both as testing ground for multi-particle aspects of QCD and as a 
probe of medium density

Characterization of mass dependence of eloss, HQ in medium thermalization and hadronization as a probe of 
medium properties

- Low-pT production and elliptic flow of several HF hadron species (mainly ALICE,  LHCb up to semi-central  AA)
- b-jets (mainly ATLAS, CMS)

Precision study of quarkonium dissociation pattern and regeneration as probes of deconfinement
- Low-pT charmonia and elliptic flow (mainly ALICE,  LHCb up to semi-central  AA)
- Multi-differential studies of Υ states (mainly ATLAS and CMS) 

Thermal radiation to map the temperature during system evolution,  ρ spectral function modification to probe 
chiral symmetry restoration

- Low-pT low mass dilepton production (mainly ALICE,  LHCb up to semi-central  AA)

15 



Rare decays: very rare B(s)
0!l+l- 
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From M.Bona, Ref. Bobeth et al., PRL 112 (2104) 101801 

Helicity suppression 
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Search of NP in rare B-decays: Rates and angular observables
1 Pure leptonic decay Bq ! µ+µ�

I Branching fr. (SM pred. by |Vcb|)
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Projections from Run 1 data
µµ K*→B 

J. Martin Camalich (IAC) Flavour elements of the HL/HE-LHC workshop April 8th 2019 10 / 21

J.Martin Camalich 

B0
s ! µ+µ� e↵ective lifetime

• Extremely clean theoretically and has complementary sensitivity to scalar

operators

� In the SM, only the heavy B0
s eigenstate couples to µµ (⌧SM

µµ = ⌧H)

• Recent LHCb measurement: ⌧µµ = 2.04± 0.44± 0.05 ps

• Could reach ⇠ 2% uncertainty with 300 fb
�1
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Effective lifetime fit

LHCb

  

[PRL 118, 191801 (2017)]

[PRL 109, 041801 (2012)]

P. Álvarez Cartelle (Imperial College London) Rare decays and LFU @ Upgrade II 7/33

7/33

LHCb, PRL118, 191801 (2017)   

P.Alvarez Cartelle 



Rare Decays: FCNC EWP bàsll 
•  Angular analysis  

–  440k B0!K0*µ+µ- 
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γ/Z

W

b

µ+

µ−

s

Table 7.2: Estimated yields of b ! se+e� and b ! de+e� processes and the statistical uncertainty
on RX in the range 1.1 < q2 < 6.0GeV2/c4 extrapolated from the Run 1 data. A linear
dependence of the bb production cross section on the pp centre-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 [274] 1 120 3 300 7 500 46 000
B0 ! K⇤0e+e� 111 ± 14 [275] 490 1 400 3 300 20 000
B0

s ! �e+e� – 80 230 530 3 300
⇤0

b ! pKe+e� – 120 360 820 5 000
B+ ! ⇡+e+e� – 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 [274] 0.043 0.025 0.017 0.007
RK⇤0 0.69 ± 0.11 ± 0.05 [275] 0.052 0.031 0.020 0.008
R� – 0.130 0.076 0.050 0.020
RpK – 0.105 0.061 0.041 0.016
R⇡ – 0.302 0.176 0.117 0.047

9C Re Δ
3− 2− 1− 0 1
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C 

Re 
Δ
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2.5
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Figure 7.6: Constraints on the di↵erence in the C9 and C10 Wilson coe�cients from electron
and muon modes with the Run 3 and Upgrade II data sets. The 3� regions for the Run 3 data
sample are shown for the SM (solid blue), a vector-axial-vector new physics contribution (red
dotted) and for a purely vector new physics contribution (green dashed). The shaded regions
denote the corresponding constraints for the Upgrade II data set.

J/ decays to µ+µ� and e+e�. This approach is expected to work well, even with very large
data sets.

Other sources of systematic uncertainty can be mitigated through design choices for the
upgraded detector. The recovery of bremsstrahlung photons is inhibited by the ability to
find the relevant photons in the ECAL (over significant 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 e�ciency and improve the

78

3σ Run-3 
 
3σ Upgrade II 

P.Alvarez Cartelle 

Angular analyses prospects: B0 ! K⇤0µ+µ�

• Parameterise and fit for

form-factors together with

Wilson Coe�cients in a

q2-unbinned approach

[Hurth et al, JHEP11(2017)176],

[Chrzaszcz et al, 1805.06378],

[Blake et al, EPJC(2018)78:453]

SM

CNP
9 = �1.4

CNP
9 = �CNP

10 = �0.7

[LHCb-PUB-2018-009]

• Important to maintain performance for µ channels (PID, mass resolution,

vertex isolation)

• Systematics:

� Assumptions from modelling of form-factors/resonances

� Understanding the angular acceptance will need of large MC samples (fast

MC)

� Control angular distribution of the background with data

P. Álvarez Cartelle (Imperial College London) Rare decays and LFU @ Upgrade II 16/33

16/33

b ! sµ+µ� angular analyses

]4c/2 [GeV2q
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ψ
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CMS data

SM from DHMV
SM from ASZB

B0 ! K⇤0µ+µ�

• Give access to observables with reduced dependence on hadronic e↵ects

[JHEP 1204 (2012) 104]

• LHCb finds deviation from the SM prediction at the level of 3.4�

LHCb [JHEP 02 (2016) 104], CMS [PLB 753 (2016) 424], BaBar [PRD 93 (2016)
052015], CDF [PRL 108 (2012) 081807] and Belle [PRL 103 (2009) 171801]

P. Álvarez Cartelle (Imperial College London) Rare decays and LFU @ Upgrade II 13/33

13/33



Lepton Flavour Universality tests - prospects
[Upgrade II physics case, LHCb-PUB-2018-009]

• Precision driven by the electron modes

� Substantial gain in expected yields in Upgrade II

� Projections based on same performance going forward

• Statistical power opens the door to measuring di↵erent channels with

good precision (R�, R⇤) and even access CKM-suppressed version (R⇡).

! Di↵erent RX sensitive to di↵erent combinations of Wilson

coe�cients, allow separation of NP scenarios

P. Álvarez Cartelle (Imperial College London) Rare decays and LFU @ Upgrade II 21/33

21/33

Rare Decays: FCNC EWP bàsll 
•  Event yield prospects 

–  46k B+!K+e+e- 
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Lepton Flavour Universality tests - prospects
[Upgrade II physics case, LHCb-PUB-2018-009]

• Precision driven by the electron modes

� Substantial gain in expected yields in Upgrade II

� Projections based on same performance going forward

• Statistical power opens the door to measuring di↵erent channels with

good precision (R�, R⇤) and even access CKM-suppressed version (R⇡).

! Di↵erent RX sensitive to di↵erent combinations of Wilson

coe�cients, allow separation of NP scenarios

P. Álvarez Cartelle (Imperial College London) Rare decays and LFU @ Upgrade II 21/33

21/33
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Rare Decays: FCNC EWP bàsll  
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  The B-physics anomalies

!2

Hints of Lepton Flavour Universality Violation in semileptonic B decays

⌧/µ , e universality

∼ 3 σ

b → cτν
µ/e universality

> 4 σ

b → sℓ +ℓ −

New      measurement by LHCb

and       by Belle

RK
RK*

New        measurement by BelleRD(*)

  Universal contribution to 

!12

ΔC9

Now

Pre-Moriond

[Aebischer et al., 1903.10434]

  The main suspects

!9

Three viable options in the market:

UV completion U1 +
[di Luzio, Greljo, Nardecchia 1708.08450;  
 Calibbi, Crivellin, Li 1709.00692;  
 Bordone, Cornella, JF, Isidori 1712.01368;

 Barbieri, Tesi, 1712.06844…]

S1 + S3
[Crivellin, Muller, Ota 1703.09226; 

 Buttazzo et al. 1706.07808; 

 Marzocca 1803.10972]

S3 + R2
[Bečirević et al., 1806.05689]

The vector leptoquark (     ) brings some interesting theoretical features into the gameU1

Low-scale bottom-tau unification. Possible link to Pati-Salam unification

Connections to the SM flavor puzzle

J.Fuentes Martin 

now 

pre-Moriond 

19 
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  A NP hint to the SM flavor puzzle?

!7

VCKM ⇠
<latexit sha1_base64="ZJlaXrwIcPZHkKsoX1pLUzUoMfU="></latexit><latexit sha1_base64="ZJlaXrwIcPZHkKsoX1pLUzUoMfU="></latexit><latexit sha1_base64="ZJlaXrwIcPZHkKsoX1pLUzUoMfU="></latexit><latexit sha1_base64="ZJlaXrwIcPZHkKsoX1pLUzUoMfU="></latexit>

The flavor anomalies seem to suggest a similar trend: large NP effects in 3rd 
generation, gradually smaller effects in the light generations

The SM Yukawa sector is characterized by 13 parameters
[3 lepton masses + 6 quark masses + 3+1 CKM parameters]

Mu,d,e ∼

… whose values do not look at all accidental

Recent theoretical progress connecting the anomalies to the SM flavor hierarchies
[Bordone, Cornella, JFM, Isidori 1712.01368; Greljo, Stefanek 1802.04274; Allanach, Davighi 1809.01158]

…..Which mediator??
q ℓ

J.Fuentes Martin 

20 



Remember Tuesday meeting 17 Feb 2009 ? 
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In 2004, Time magazine stated that Witten was widely thought to be the world's greatest living theoretical physicist. 

21 



“The picture is a little like this” ?  

22 



“The picture is a little like this” ?  

E. Witten, Tue meeting 17 Feb 2009, https://indico.cern.ch/event/51958/ 

Vafa&Heckman, “From F-Theory GUT’s to the LHC” arXiv:0809.3452 
23 
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  A NP hint to the SM flavor puzzle?

!7

VCKM ⇠
<latexit sha1_base64="ZJlaXrwIcPZHkKsoX1pLUzUoMfU="></latexit><latexit sha1_base64="ZJlaXrwIcPZHkKsoX1pLUzUoMfU="></latexit><latexit sha1_base64="ZJlaXrwIcPZHkKsoX1pLUzUoMfU="></latexit><latexit sha1_base64="ZJlaXrwIcPZHkKsoX1pLUzUoMfU="></latexit>

The flavor anomalies seem to suggest a similar trend: large NP effects in 3rd 
generation, gradually smaller effects in the light generations

The SM Yukawa sector is characterized by 13 parameters
[3 lepton masses + 6 quark masses + 3+1 CKM parameters]

Mu,d,e ∼

… whose values do not look at all accidental

Recent theoretical progress connecting the anomalies to the SM flavor hierarchies
[Bordone, Cornella, JFM, Isidori 1712.01368; Greljo, Stefanek 1802.04274; Allanach, Davighi 1809.01158]

…..Which mediator??
q ℓ

  Which mediator?

!8

Only few possibilities are available

Leptoquarks (scalars or vectors) are the best candidates so far 

       +  light       in better shape but still in tension with                  tailsW′� νR p p → τ ν
[Greljo et al. 1811.07920]

q3 ℓ3,2

q2 ℓ3,2

q3 ℓ3,2

q2 ℓ3,2

no 4-lepton (LFV, LFUV) and 4-quark processes (           ) at tree levelΔF = 2

W′�/Z′�
[Faroughy et al. 1609.07138]

Minimal            models in tension with high-     data (                  tails)p p → τ τpT

J.Fuentes Martin 

24 



Rare Decays: FCNC EWP bàsll  
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  The      leptoquark solution

!13

ℒ ⊃ gU

2
Uμ

1 [βL
iα (q̄ i

Lγμℓα
L) −βR

iα (d̄i
Rγμeα

R)] + h . c .

U1

βL
sτ, βL

bμ ∼%(0.1)
βL =

0 0 βL
dτ

0 βL
sμ βL

sτ

0 βL
bμ βL

bτ

βR =
0 0 0
0 0 0
0 0 βR

bτ

βL
sμ, βL

dτ ∼%(0.01)

R(D(*))⌧
<latexit sha1_base64="bXLJ3DqCCD8v46pgrUhDbVQSq94="></latexit><latexit sha1_base64="bXLJ3DqCCD8v46pgrUhDbVQSq94="></latexit><latexit sha1_base64="bXLJ3DqCCD8v46pgrUhDbVQSq94="></latexit><latexit sha1_base64="bXLJ3DqCCD8v46pgrUhDbVQSq94="></latexit>

b → sℓℓ

βR
bτ ∼%(1)Flavor 

structure( * )

N.B.: Deviations from this structure highly 
constrained by low-energy flavor data

( * )

βL
bτ = 1

CVL
CSR

[Crivellin et al., 1807.02068]

ΔCμ
9 = −ΔCμ

10 ΔCe,μ,τ
9

J.Fuentes Martin 
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Rare 
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  Which value of      ?             projections

!14

Differential distributions, polarizations,… could also be different from the SM

R(D(*))βR
bτ

HFLAV world average

(pre-Moriond)

New world average

(preliminary by Belle)

      leptoquark 
  projections 
U1

!16

For both extreme cases, the low-energy fit (in particular to the anomalies) is very good!

[Cornella, JFM, Isidori, 1704.06659]

LH only

  Low-energy fit results

(βR
bτ = 0)Experiment

@1σ

NP scale naturally higher 

(thanks to the       contribution)CSR

LH + RH (βR
bτ = 1)

Slightly better fit

(due to the new Belle measurement)

!17

 !(Bs → ττ)

Exp. limit around the corner

The NP enhancement in                    is 
huge, about one order of magnitude 
above the chiral (pure LH) case:

ℬ(Bs → ττ)ℬ(Bs → ττ)

ℬ(Bs → ττ) ∼few ⋅ 10− 3

(β R
bτ = 1)

ℬ(Bs → ττ)SM = (7.73 ± 0.49) ⋅ 10− 7

[Bobeth et al. 1311.0903] 

[Cornella, JFM, Isidori, 1903.11517]

LFV in           transitions

!18

Great experimental prospects at 

LHCb and Belle II

Bs → τμ , B → Kτμ , τ → μγ

The explanation of         implies a 
large      LFVτμ

RK(*)

strong enhancement of

τ → μ (βR
bτ = 1)

ℬ(τ → μγ) ∼10−9

ℬ(Bs → τμ) ∼10−5

ℬ(B → Kτμ) ∼10−6

[Cornella, JFM, Isidori, 1903.11517]
!16

For both extreme cases, the low-energy fit (in particular to the anomalies) is very good!

[Cornella, JFM, Isidori, 1704.06659]

LH only

  Low-energy fit results

(βR
bτ = 0)Experiment

@1σ

NP scale naturally higher 

(thanks to the       contribution)CSR

LH + RH (βR
bτ = 1)

Slightly better fit

(due to the new Belle measurement)

J.Fuentes Martin 

•  U1 leptoquark projections: 

 

•  U1 leptoquark predictions: 

RK(*) vs RD(*) Bsàττ vs RD Bà(K)µτ vs τàµγ 

High-pT + Low energy

!20

1 and 2    regions 

preferred by the low-energy fit

σ

LH onlyLH + RH

ℒ ⊃ gU

2
Uμ

1 (Q̄3 γμL3 − b̄R γμτR)

[Cornella, JFM, Isidori, 1903.11517]

N.B.: Assuming ( * ) βsτ < 0.25

pp
→

ττ

(A
TLAS 13

Te
V

36
.1 fb

−1 )

pp → ττ(13 TeV
3 ab

−1 )

ℒ ⊃ gU

2
Uμ

1 (Q̄3 γμL3)

[High-pT bounds from Baker, JFM, Isidori, König, 1901.10480]

High pT 
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Physics with ECAL 
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Where both muons and electrons  
can/should go 

!12

Partially reconstructed  
background 

When bremsstrahlung photons are added.
non trivial signal shape 

from simulation 

Y. Amhis 
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Physics with ECAL 
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σ ∝1/ml2  

Energy loss ∝ Ee  
Energy loss ∝ material 

Bremsstrahlung 

Wishlist 
Important to keep a light detector and to be able to reconstructed the bremsstrahlung photons. 
Could we improve/rethink the identification of bremsstrahlung photons using “timing” ?  

!11

e+ 

e- 

Y. Amhis 
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Physics with ECAL 
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Figure 1: Tracking detectors and track types reconstructed by the track finding algorithms at
LHCb.

upstream trackers; T tracks, which have hits in the T stations; downstream tracks, which
have hits in TT and the T stations; and long tracks, which have hits in the VELO and
the T stations. The latter tracks can additionally have hits in TT.

If a particle is reconstructed more than once, as di↵erent track types, only the track
best suited for analysis purposes is kept. Hereby, long tracks are preferred over any other
track type, upstream tracks are preferred over VELO tracks, and downstream tracks are
preferred over T tracks. The number of unique tracks in an event, Ntrack, is used in this
study as a measure for the event multiplicity; it is strongly correlated with the number of
hits in the tracking detectors. The number of tracks is chosen over the number of hits in a
tracker to give a balanced measure of the upstream and the downstream occupancy.

The reconstruction of long tracks starts with a search for VELO tracks [16] [17]. VELO
tracks are reconstructed exploiting the fact that tracks form straight lines due to the
absence of a magnetic field in the VELO. Two algorithms promote these VELO tracks
to long tracks. The first algorithm, called forward tracking [18], combines VELO tracks
with hits in the three T stations. For a given VELO track and a single hit in one of the T
stations the momentum is fixed, enabling the algorithm to project hits in the T stations
along the trajectory. Hits which form clusters in the projection are used to define the final
long track. In the second algorithm, called track matching [19] [20], long tracks are made
combining VELO tracks with T tracks, which are found by a standalone track finding
algorithm [21].

If hits compatible with the long track trajectory are found in TT, they are added to
the track to improve the momentum resolution and as discrimination against fake tracks.
This procedure is identical for the forward tracking and the track matching.

Most analyses use long tracks because they provide the best momentum and spatial
resolution among all track types. Unless otherwise stated, track reconstruction at LHCb
refers to the reconstruction of long tracks. In a typical signal triggered event in 2011 or
2012, around 60 long tracks are reconstructed. Other track types, such as downstream

3

•  Reconstruct photons 

•  Electrons that lost most of their energy 
–  Magnet chambers?! 

–  Improve upstream tracks by adding SciFi hit?! 

–  Use photon as tag to identify electron  

4/8/2019 Magnet Station Overview 2

DETECTOR CONCEPT
Magnet Tracking Station (MTS)

With magnet stations With SciFi 

γ γ 

Idea from Patrick Koppenburg 
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Rare decays: bàsll  

10 Apr 2019 -  Upgrade II workshop - Niels Tuning 

[arXiv:1612.05014]

Angular analyses with electrons

[arXiv:1805.06401]

!18

Crucial to control and understand the q2 distribution. 
Y. Amhis 
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Outline 

•  Rare Decays 
–  Very rare:  B(s)

0àµ+µ- 

–  FCNC EWP :  bàsll 

•  CP violation in Charm 
–  CPV in mixing:  yCP, AΓ 
–  CPV in decay:  ΔACP 

•  CP violation in Beauty 
–  Time dependent:  sin2β, φs 

–  Time integrated:  γ 

•  Heavy Ions 

10 Apr 2019 -  Upgrade II workshop - Niels Tuning 31 



Charm 

•  Mixing:   x, y (or yCP) 

 

 

 

•  CPV in mixing:  q/p, φ, AΓ 

•  CPV in decay:  ΔACP 

  
10 Apr 2019 -  Upgrade II workshop - Niels Tuning 

• Observed (raw) asymmetries suffer from instrumental and production effects  
 

• Difference of raw asymmetries to cancel unwanted effects  

• Similar strategy for most of other CP asymmetry measurements — one or 
more suitable additional modes are needed to remove detection/production 
asymmetries

CP asymmetries with D0→h+h– decays

�6

�ACP = ACP (K
+K�)�ACP (�

+��) = A(K+K�)�A(�+��)

Detection asymmetry of 
tagging track (π+ or μ-)

Production asymmetry of 
parent hadron (D* or B)

A(h+h�) = ACP (h
+h�) +AD +AP

The CP asymmetry you 
want to measure

N(D0 ! h+h�)�N(D̄0 ! h+h�)

N(D0 ! h+h�) +N(D̄0 ! h+h�)

x = Δm / Γ
y = ΔΓ / 2Γ

20 13. CP violation in the quark sector

In the limit of CP conservation (and, in particular, within the Standard Model),
yCP = (Γ+ − Γ−)/2Γ = y (where Γ+(Γ−) is the decay width of the CP -even (-odd)
mass eigenstate) and AΓ = 0. Indeed, present measurements imply that CP violation is
small [29],

yCP = (+0.84 ± 0.16) × 10−2 ,

AΓ = (−0.032 ± 0.026) × 10−2 .

The K±π∓ states are not CP eigenstates, but they are still common final states
for D0 and D0 decays. Since D0(D0) → K−π+ is a Cabibbo-favored (doubly-Cabibbo-
suppressed) process, these processes are particularly sensitive to x and/or y = O(λ2).

Taking into account that
∣

∣λK−π+

∣

∣ ,
∣

∣

∣
λ−1

K+π−

∣

∣

∣
≪ 1 and x, y ≪ 1, assuming that there

is no direct CP violation (these are Standard Model tree-level decays dominated by a
single weak phase, and there is no contribution from penguin-like and chromomagnetic
operators), and expanding the time-dependent rates for xt, yt ∼< Γ−1, one obtains
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∣
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∣

∣

∣
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where
y′ ≡ y cos δ − x sin δ ,

x′ ≡ x cos δ + y sin δ . (13.86)

The weak phase φD is the same as that of Eq. (13.75) (a consequence of neglecting direct
CP violation) and rd = O(tan2 θc) is the amplitude ratio, rd =

∣

∣AK−π+/AK−π+

∣

∣ =
∣

∣AK+π−/AK+π−

∣

∣, that is, λK−π+ = rd|q/p|e−i(δ−φD) and λ−1
K+π− = rd|p/q|e−i(δ+φD).

The parameter δ is a strong-phase difference for these processes, that can be obtained
from measurements of quantum correlated ψ(3770) → D0D0 decays [62,63]. By fitting
to the six coefficients of the various time-dependences, one can determine rd, |q/p|,
(x2 + y2), y′ cos φD , and x′ sin φD. In particular, finding CP violation (|q/p| ≠ 1 and/or
sin φD ≠ 0) at a level much higher than 10−3 would constitute evidence for new physics.
The most stringent constraints to date on CP violation in charm mixing have been
obtained with this method [64] and from the AΓ measurement [65].

A fit to all data [29], including also results from time-dependent analyses of
D0 → KSπ+π− decays, from which x, y, |q/p| and φD can be determined directly, yields
no evidence for indirect CP violation:

1 − |q/p| = + 0.11 +0.07
−0.08 ,

φD =
(

−13 +10
−9

)◦
.
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1. ad
f signals CP violation in decay (similar to Eq. (13.41)):

ad
f = 2rf sin φf sin δf . (13.78)

2. am
f signals CP violation in mixing (similar to Eq. (13.51)). With our approximations,

it is universal:
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3. ai
f signals CP violation in the interference of mixing and decay (similar to

Eq. (13.52)). With our approximations, it is universal:

ai =
x
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One can isolate the effects of direct CP violation by taking the difference between the
CP asymmetries in the K+K− and π+π− modes:

∆aCP ≡ aK+K− − aπ+π− = ad
K+K− − ad

π+π− , (13.81)

where we neglected a residual, experiment-dependent, contribution from indirect CP
violation due to the fact that there may be a decay time-dependent acceptance function
that can be different for the K+K− and π+π− channels. Earlier evidence for such direct
CP violation [59] has become less significant when including more data, with the current
average giving [29]:

ad
K+K− − ad

π+π− = (−1.3 ± 0.7) × 10−3 . (13.82)

One can also isolate the effects of indirect CP violation in the following way. Consider
the time-dependent decay rates in Eq. (13.36) and Eq. (13.37). The mixing processes
modify the time dependence from a pure exponential. However, given the small values
of x and y, the time dependences can be recast, to a good approximation, into purely
exponential form, but with modified decay-rate parameters [60,61] (given here for the
K+K− final state):

ΓD0→K+K− = Γ × [1 + |q/p| (y cos φD − x sinφD)] ,

ΓD0→K+K− = Γ × [1 + |p/q| (y cos φD + x sinφD)] . (13.83)

One can define CP -conserving and CP -violating combinations of these two observables
(normalized to the true width Γ):

yCP ≡
ΓD0→K+K− + ΓD0→K+K−

2Γ
− 1

= (y/2) (|q/p| + |p/q|) cos φD − (x/2) (|q/p|− |p/q|) sin φD ,

AΓ ≡
ΓD0→K+K− − ΓD0→K+K−

2Γ

= − (am + ai) . (13.84)
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where x′
f
and y′

f
have been defined in Eq. (25). In addi-

tion,

|q/p|±2(x2 + y2) = (x′±)2 + (y′±)2, (29)

allowing |q/p| to be expressed solely in terms of (x′±)2 +
(y′±)2 above. The expressions given in Refs. [4] and [13]
for y′± and x′± differ from those in Eq. (28) due to choice
of convention, and are recovered by substituting ∆f →
−∆f + π in x′

f
and y′

f
. The time dependence for D0

decays to the “right-sign” (RS) final states is, to good
approximation, exponential and given by

Γ[D0(t) → f ] = e−τ |Af |
2,

Γ[D0(t) → f ] = e−τ |Af |
2. (30)

Thus, the decay rate parameter is Γ̂D0→K−π+ = ΓD.
A fit to the time-dependence in Eqs. (26) and (27)

yields measurements of R±
f , y

′±, and x′±, which can be
used to determine or constrain 1− |q/p| and φ, as carried
out in [13] for D0 → K±π∓. Note that the CP violating
quantity (y′+ − y′−) satisfies

Rf (y
′+ − y′−) = ∆Yf , (31)

where Rf = R−1
f is the magnitude of the CF to DCS

amplitude ratio (for rf = rf = 0), see Eqs. (7) and
(23)–(25). Finally, the contributions of CPVMIX and
CPVINT in D0 decays to RS final states are relatively
suppressed by tan4 θc, and are therefore not considered.
An important CP conserving quantity yCP, mentioned

in Section II, can be defined in terms of the decay rate
parameters Γ̂D0→fCP

(for SCS decays to CP eigenstates)

and Γ̂D0→K−π+ ,

yCP = ηCP
f

Γ̂D0→fCP
+ Γ̂D0→fCP

2 Γ̂D0→K−π+

− 1 . (32)

The expressions for the decay rate parameters given
above (in the rf = 0 limit) imply [4]

yCP =
y

2
cosφ

(
∣

∣
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∣

q

p

∣

∣
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∣

+

∣
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∣

∣

p

q

∣

∣
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∣

)

−
x

2
sinφ

(
∣
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∣

q

p

∣
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∣

−

∣
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∣

p

q

∣

∣

∣

∣

)

. (33)

The time-integrated CP asymmetry for D0 decays to
CP eigenstates (SCS and CF/DCS) is defined as

af ≡
Γ(D0 → f)− Γ(D0 → f)

Γ(D0 → f) + Γ(D0 → f)
. (34)

Expanding to leading order in x, y, rf yields [11]

af = adf + am + ai , (35)

where am and ai are given in Eq. (22), and

adf = 2rf sinφf sin δf (36)

is the (non-universal) direct CP violation contribution.
The time-dependent CP asymmetry (∆Yf ) and the time-
integrated CP asymmetry (af ) are equal if there is no
direct CP violation.
For SCS D0 decays to non-CP eigenstates there are

two time-integrated CP asymmetries to consider,

af ≡
Γ(D0 → f)− Γ(D0 → f)

Γ(D0 → f) + Γ(D0 → f)
,

af ≡
Γ(D0 → f)− Γ(D0 → f)

Γ(D0 → f) + Γ(D0 → f)
. (37)

Expanding to leading order in x, y, rf , rf yields [11]

af = adf + amf + aif , af = ad
f
+ am

f
+ ai

f
, (38)

where amf , am
f

and aif , a
i
f
are given in Eq. (24), and

adf = 2rf sinφf sin δf , ad
f
= 2rf sinφf sin δf (39)

are the direct CP violation contributions. Again, if there
are no new weak phases in decay, the time-dependent and
time-integrated CP asymmetries are equal, i.e., ∆Yf =
af and ∆Yf = af .

In the case of CF/DCS decays to non-CP eigenstates,
and in our convention for RS and WS final states, the
definitions of af and af in Eq. (37) correspond to the RS
and WS time-integrated CP asymmetries, respectively
(e.g., aK−π+ and aK+π− for D0 → K∓π±). To leading
order in x, y, rf , and rf they are given by

af = adf , af = Rf (y
′+ − y′−) + ad

f
, (40)

where the RS (adf ) and WS (ad
f
) direct CP asymmetries

are as in Eq. (39).
The time-dependent CP asymmetry for Bs decay to a

CP eigenstate, to leading order in rf and for |q/p| = 1
(the HFAG average is |q/p| = 1.002 ± 0.005 [9]), takes
the simple form [1]

Γ(Bs(t) → f)− Γ(Bs(t) → f)

Γ(Bs(t) → f) + Γ(Bs(t) → f)

= Sf sin(|x|Γt) − Cf cos(|x|Γt) , (41)

where

Sf = ηCP
f sign(x) sin φ , Cf = 2rf sinφf sin δf (42)

are the contributions due to interference between mixing
and decay, and direct CP violation, respectively. The
factor sign(x) in Sf originates from the time-dependence
of the decay rates, via sin(xΓt) = sign(x) sin(|x|Γt), and
insures that Sf is independent of sign convention.
For Bs decays to non-CP eigenstates there are two

Charm Physics Marco Gersabeck

rotation between the observables and the system of mixing parameters is given by a strong phase
difference as

x00 = xcosdK+p�p0 + ysindK+p�p0 (2.5)

y00 = ycosdK+p�p0 � xsindK+p�p0 . (2.6)

The significant advantage of this analysis over that using two-body final states is that both mixing
parameters are measured at first order rather than one at first and one at second order.

The strong phase differences are not accessible in these measurements but have to come from
measurements performed using quantum-correlated D0-D0 pairs produced at threshold. Such mea-
surements are available from CLEO [86, 87, 88, 89] and BESIII [90]. In addition, further con-
straints on these strong phase differences can be obtained from the combination of several mea-
surements that share the underlying mixing parameters but are subject to different strong phase
differences. This can be for example the combination of D0! K+p� and D0! K+p�p0 together
with other measurements that are not affected by strong phases (see below).

Mixing in CP eigenstates: In the absence of CP violation the physical eigenstates are CP eigen-
states and therefore the width difference can be accessed directly through a measurement of the
effective lifetime of a CP eigenstate with respect to the lifetime of a flavour-specific state, which is
not affected by mixing, using the observable

yCP ⌘ GCP±
G

�1 =
G2,1

G
�1 =

DG
2G

⌘ y. (2.7)

In a more general scenario allowing also for CP violation the effective lifetimes of D0 (D0) mesons
into final states that are CP eigenstates, t̂ ( ˆ̄t), lead to

yCP =
2tD

t̂ + ˆ̄t
�1 ⇡ hCP

✓
1� a2

m
8

◆
ycosf � am

2
xsinf

�
, (2.8)

where tD is the D0 lifetime and

±am ⌘

��� q
p

���
±2

�1
��� q

p

���
±2

+1
, (2.9)

which leads to |q/p|±2 ⇡ 1 ± am [91]. As the CP-violating contributions am and f enter only
at second order, measurements of yCP are among the most powerful constraints of the mixing
parameter y.

Following only a few weeks after the BaBar measurement using D0! K+p� decays, a mea-
surement of the Belle collaboration of the parameter yCP was among the first to provide evidence
for mixing in the charm system [22]. The latest results are
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time-dependent CP asymmetries to consider,

Γ(Bs(t) → f)− Γ(Bs(t) → f)

Γ(Bs(t) → f) + Γ(Bs(t) → f)

= Sf sin(|x|Γt) − Cf cos(|x|Γt) ,

Γ(Bs(t) → f)− Γ(Bs(t) → f)

Γ(Bs(t) → f) + Γ(Bs(t) → f)

= Sf sin(|x|Γt) − Cf cos(|x|Γt) , (43)

where (again to leading order in rf , and for |q/p| = 1),

Sf = Sf = 2 sign(x) sin(φ) cos(δf ) rf/(1 + r2f ) ,

Cf = 2rf sinφf sin δf , Cf = 2rf sinφf sin δf . (44)

The equality between Sf and Sf holds, up to negligible
corrections of O(|q/p|− 1).

IV. RELATING THE INDIRECT CP
ASYMMETRIES

In general, we are interested in decays to final states
common to M0 and M0, whose leading contributions
to Γ12 are proportional to the dominant CKM struc-
ture entering this quantity, i.e., (VcsV ∗

us)
2 for the D0 and

(VcbV ∗
cs)

2 for the Bs. All of the examples we have men-
tioned previously are in this class. In this section we as-
sume that there are no subleading amplitudes with new
weak phases in these decays [rf = rf = 0 in Eq. (4)], and
we neglect CKM suppressed contributions to Γ12. The
following relations are then satisfied:

Γ12

Γ∗
12

=
AfA∗

f

A
∗

fAf

=

(

Af

Af

)2

(45)

and

Γ12

Γ∗
12

=
AfA∗

f +AfA
∗
f

A
∗

fAf +A
∗

fAf

=
Af

Af

Af

Af

, (46)

for CP-eigenstate and non-CP eigenstate final states, re-
spectively. CKM suppressed contributions to Γ12 and to
rf , rf within the SM yield corrections to these relations

of O(|(VcbVub)/(VcsVus)|) ≈ 6 · 10−4 for D0 decays, and
of O(|(VubVus)/(VcbVcs)|) ≈ 0.02 for Bs decays [see Eq.
(113)].
The following formulae, obtained from Eqs. (10)

and (11), will be useful:

|q/p|2(x2 + y2) = x2
12 + y212 + 2x12y12 sinφ12 , (47)

∣

∣

∣

∣

q

p

∣

∣

∣

∣

4

=

(

x2
12 + y212 + 2x12y12 sinφ12

x2
12 + y212 − 2x12y12 sinφ12

)

, (48)

y212 =
y2 +A2

mx2

1−A2
m

, x2
12 =

x2 +A2
my2

1−A2
m

, (49)

where

Am ≡ (|q/p|2 − 1)/(|q/p|2 + 1) (50)

is related to CP violation in mixing. Note that Eq. (48),
which also appears in [6], relates CPVMIX to the under-
lying mixing parameters x12, y12, and φ12.
Multiplying (see Eq. (11))

(

q

p

)2

=
M∗

12 −
i
2Γ

∗
12

M12 − i
2Γ12

(51)

on the l.h.s. by (Af/Af )2 for decays to CP eigenstates to
obtain λ2

f (or by (AfAf )/(AfAf ) for decays to non-CP
eigenstates to obtain λfλf ), and on the r.h.s. by Γ12/Γ∗

12
yields

tan 2φ = −
sin 2φ12

cos 2φ12 + y212/x
2
12

, (52)

sin 2φ = −
2Amxy

y2 +A2
mx2

, cos 2φ =
y2 −A2

mx2

y2 +A2
mx2

. (53)

The first relation is incorporated into the fit of x12,
y12, and φ12 using the D0 − D0 mixing data. The
last two relations are obtained by eliminating the de-
pendence of sin 2φ and cos 2φ on x12, y12, and φ12, us-
ing Eqs. (10), (47–49). Finally, a trigonometric identity
yields

tanφ = −Amx/y . (54)

This expression also appears in [7]. It relates CPVMIX to
CPVINT, model-independently, in decay modes in which
there are no new weak phases, and is independent of sign
convention for x or y. In the limit ||q/p|−1| << 1, which
holds to very good approximation for all four meson sys-
tem, we obtain

tanφ =

(

1−

∣

∣

∣

∣

q

p

∣

∣

∣

∣

)

x

y
= −

aSL
2

x

y
. (55)

As discussed in [5], this relation gives an excellent de-
scription of the data in the neutral kaon system.
It is straightforward to relate ∆Yf and the semilep-

tonic CP asymmetry using Eq. (54), after expanding to
first order in |q/p|−1. In the case of D0 decays, the same
relations also apply to the time-integrated CP asymme-
tries (for rf = rf = 0). For decays to CP eigenstates,
one obtains

∆Yf = af = −y cosφ ηCP
f

aSL
2

y2 + x2

y2
. (56)

We know from experiment that the level of CP viola-
tion in the D0 system is small and that the short-lived
meson is approximately CP-even, implying | cosφ| ≈ 1,
sign(y cosφ) = +1 (as in the Standard Model) and, to
good approximation,

∆Yf = af = −ηCP
f

aSL
2

y2 + x2

|y|
, (57)

which is independent of sign convention for x or y. Sim-
ilarly, we obtain

yCP = y/ cosφ = |y| , (58)

2

lations of the relations between CPVMIX and CPVINT,
can be obtained from existing direct CP violation mea-
surements. It then follows that (i) the bounds on φD

12
(and |MD

12|, |Γ
D
12|) do not change significantly, and (ii) it

could be difficult to detect violations at currently allowed
levels in the D0 and Bs systems, at a super B factory and
at the LHC, respectively. In fact, the existence of new
weak phases in decay would be much easier to discover
directly, via direct CP asymmetry measurements. How-
ever, with sufficient statistics it could be possible to iso-
late and measure shifts in arg(Γ12) (due to new physics,
or to subleading O(V ∗

usVub/V ∗
csVcb) SM contributions in

Bs mixing) from such violations. We conclude in Section
VII.
While this work was in progress, Ref. [5] appeared,

which also explores the relation between the two indirect
CP asymmetries, in the absence of new weak phases in
decay. Our starting point for the derivation of a model-
independent relation differs, in that it explicitly removes
a discrete ambiguity in φ12 ↔ −φ12, and allows us to ob-
tain a simple general expression. The reader is referred
to [5] for a discussion of all four neutral meson systems.
Also see [6] for a discussion, based on [5], of correlations
between time-dependent and semileptonic CP asymme-
tries in decays to CP eigenstates. After completion of
this work, we discovered that our model-independent re-
lation, Eq. (54), can be found in [7]. We augment their
presentation by providing its derivation from the neutral
meson mixing formalism, and by discussing its signifi-
cance for relating CPVMIX and CPVINT. Our fit proce-
dure for D0−D0 mixing differs by removing the discrete
ambiguity in φ12 → φ12 + π.

II. FORMALISM

We begin with a summary of the formalism for neu-
tral meson mixing and decays [1, 2]. The neutral meson
mass eigenstates are linear combinations of the strong
interaction eigenstates |M0⟩ and |M0⟩,

|M1,2⟩ = p|M0⟩± q|M0⟩ , (1)

where |q|2 + |p|2 = 1. We define the mass and width
differences as

x ≡
m2 −m1

Γ
, y ≡

Γ2 − Γ1

2Γ
, (2)

where Γ ≡ (Γ1 + Γ2)/2 is the average width.
The decay amplitudes of the neutral mesons M0 and

M0 to CP conjugate final state f and f̄ are denoted as

Af = ⟨f |H|M0⟩ , Af = ⟨f |H|M0⟩ ,

Af = ⟨f |H|M0⟩ , Af = ⟨f |H|M0⟩, (3)

where H is the weak interaction effective Hamiltonian.
The decay amplitudes for the tree-level dominated decays

can, in general, be written as

Af = AT
f e

+iφT
f [1 + rf e

i(δf+φf )],

Af = AT
f
ei(∆f+φT

f
)[1 + rf e

i(δf+φf )],

Af = AT
f e

−iφT
f [1 + rf e

i(δf−φf )],

Af = AT
f
ei(∆f−φT

f
)[1 + rf e

i(δf−φf )], (4)

where AT
f and AT

f
are the magnitudes of the dominant

SM tree-level contributions. The ratios rf and rf are the
relative magnitudes of subleading contributions contain-
ing new weak phases (they could arise from new physics,
or from SM amplitudes with suppressed CKM structure).
φT
f , φ

T
f
, φf , and φf are weak (CP violating) phases which

appear with opposite signs in CP conjugate amplitudes,
and ∆f , δf , and δf are strong (CP conserving) phases
which appear with the same signs in CP conjugate am-
plitudes. All of the quantities entering Eq. (4), except
the weak phases, are understood to be phase space de-
pendent for 3-body and higher final states.
In the case of decays to CP eigenstates, ∆f = 0(π) for

CP even (odd) final states. Eq. (4) therefore reduces to

Af = AT
f e

+iφT
f [1 + rfe

i(δf+φf )],

Af = ηCP
f AT

f e
−iφT

f [1 + rfe
i(δf−φf )], (5)

where ηCP
f = +(−) for CP even (odd) final states. The

time-dependent CP asymmetries depend on the universal
quantity

λf ≡
q

p

Af

Af
= −ηCP

f

∣

∣

∣

∣

q

p

∣

∣

∣

∣

eiφ , (6)

where rf of Eq. (5) is neglected in the equality, and
φ is the relative weak phase between the mixing and
decay amplitudes. Examples of decays to CP eigen-
states include D0 → K+K−, π+π−,Ksπ0, and Bs →

J/Ψφ, D(∗)+
s D(∗)−

s .
In the “pure-penguin” decay Bs → φφ, AT

f is the mag-
nitude of the Standard Model penguin amplitude. Ne-
glecting rf , the weak phase φ in Eq. (6) is the same as in
the tree-level Bs examples above, up to a small correction
δφ = 2 Im(V ∗

usVub/V ∗
csVcb).

For final states which are not CP eigenstates, the time-
dependent CP asymmetries depend on

λf ≡
q

p

Af

Af
= −

∣

∣

∣

∣

q

p

∣

∣

∣

∣

Rfe
i(φ+∆f ) ,

λf ≡
q

p

Af

Af

= −

∣

∣

∣

∣

q

p

∣

∣

∣

∣

R
f
ei(φ−∆f ) , (7)

where rf and rf of Eq. (4) are neglected in the equalities,

and thus R−1
f

= Rf ≡ AT
f
/AT

f . Examples are D0 →

K∓π±,K∗K and Bs → D±
s D

∗∓
s . The weak phase φ is

3

the same in Eqs. (6) and (7) for the D0 decays (up to
negligible corrections ∼< |(VubVcb)/(VusVcs)| ∼ 10−3) and
tree-level Bs decays listed above.
The M0 −M0 transition amplitudes are

⟨M0|H |M0⟩ = M12 −
i

2
Γ12 ,

⟨M0|H |M0⟩ = M∗
12 −

i

2
Γ∗
12 , (8)

where H is the 2 × 2 effective Hamiltonian governing
neutral meson mixing. We define the mixing parameters

x12 ≡ 2|M12|/Γ, y12 ≡ |Γ12|/Γ, φ12 ≡ arg(M12/Γ12). (9)

The notation x12, y12 is borrowed from [5]. φ12 is a CP vi-
olating weak phase which is responsible for CP violation
in mixing (|q/p| ≠ 1). Solving the eigenvalue problem
yields

(x− iy)2 = x2
12 − y212 − i2x12y12 cosφ12 , or

x2 − y2 = x2
12 − y212 , xy = x12y12 cosφ12 , (10)

and

q

p
=

−Γ(x− iy)

2(M12 −
i
2Γ12)

=
−2(M∗

12 −
1
2Γ

∗
12)

Γ(x− iy)
. (11)

The phase transformation |M0⟩ → eiθ|M0⟩, |M0⟩ →
e−iθ|M0⟩ has no physical effects, due to conservation of
Strangeness, Charm, or Beauty number by the strong in-
teractions. Indeed, it is easily seen that φ12, λf , λf , x,
and y (which are related to, or are themselves observ-
ables) are invariant under these phase redefinitions [1].
Furthermore, the mass eigenstates are rotated by a com-
mon phase factor.
One is free to identify M2 or M1 with either the short-

lived meson (MS) or the heavier meson (MH), by re-
defining q → −q. This is equivalent to choosing a sign-
convention for y, which in turn fixes the sign of x via
sign(cosφ12), or vice-versa. Note that changing the sign-
convention for y (or x) takes λf → −λf , or equivalently,
φ → φ+ π. However, the combinations y λf and xλf , or
y cosφ, y sinφ and x cosφ, x sin φ are sign-convention in-
dependent, which is seen explicitly from Eq. (11). Thus,
they are candidates for being related to physical observ-
ables.
Examples of CP conserving observables are

sign(y cosφ) and sign(x cosφ). In the limit of small
or no CP violation, respectively: (i) MS would be
approximately or exactly CP-even if and only if
sign(y cosφ) = +1, and (ii) MH would be approximately
or exactly CP-even if and only if sign(x cosφ) = +1.
This is seen from Eqs. (1), (3), and (6) by requiring
that CP-even (M+) and CP-odd (M−) states decay into
CP-even and CP-odd final states, respectively. In fact,
in the D0 system in the limit of CP conservation, the
observable yCP, defined in Eq. (32), is equivalent to [8]

yCP =
Γ(D+)− Γ(D−)

Γ(D+) + Γ(D−)
. (12)

The world average is [9],

yCP = (1.07± 0.26)% . (13)

Taking into account that |q/p| ≈ 1 and | sinφ| ≪ 1, see
Eq. (33), one finds that yCP ≈ y cosφ to very good
approximation [4], thus explicitly realizing (i) above.
An alternative choice employed by the PDG [10] and

HFAG [9] collaborations for the K0 and D0 systems, is
to identify M2 with the would-be CP-even state in the
limit of no CP violation. This amounts to choosing a
convention for φ, i.e., φ ≈ 0 rather than φ ≈ π. Given
that in both systems the approximately CP-even state
is MS , this choice is equivalent to the sign-convention
y > 0.
If M2 were identified with MS (y > 0), Eq. (10) would

give

x = sign(cosφ12) ×
(

x2
12 − y212 +

√

(x2
12 + y212)

2 − 4x2
12y

2
12 sin

2 φ12

)
1
2

, (14)

y =
(

y212 − x2
12 +

√

(x2
12 + y212)

2 − 4x2
12y

2
12 sin

2 φ12

)
1
2

. (15)

If, instead, M2 were identified with MH (x > 0), then the
factor sign(cosφ12) would be moved to the equation for
y, with appropriate modifications for the choices y < 0
or x < 0. These equations relate the the neutral me-
son mass and width differences to the underlying mixing
parameters x12, y12, and φ12.

III. THE CP ASYMMETRIES

CP violation in pure mixing corresponds to |q/p| ≠ 1.
It can be measured via the “wrong-sign” semileptonic CP
asymmetry,

aSL ≡
Γ(M0(t) → ℓ−X)− Γ(M0(t) → ℓ+X)

Γ(M0(t) → ℓ−X) + Γ(M0(t) → ℓ+X)
,

= (|q/p|4 − 1)/(|q/p|4 + 1) . (16)

In the limit ||q/p|− 1| ≪ 1, which holds to good approx-
imation for all four meson systems, aSL = 2(|q/p|− 1).
The D0 time-dependent decay rates into a final state

f can be written as (see, for example, [2])

Γ(D0(t) → f) =
1

2
e−τ |Af |

2
{

(1 + |λf |
2) cosh(yτ)

+(1− |λf |
2) cos(xτ) + 2Re(λf )

× sinh(yτ)− 2Im(λf ) sin(xτ)
}

, (17)

Γ(D0(t) → f) =
1

2
e−τ |Af |

2
{

(1 + |λ−1
f |2) cosh(yτ)

+(1− |λ−1
f |2) cos(xτ) + 2Re(λ−1

f )

× sinh(yτ)− 2Im(λ−1
f ) sin(xτ)

}

, (18)

difference of decay widths affected implies |q/p|≠1, ie. CPV in mixing 
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Another change of scenery 
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Two-body decays

• Final states made of charged 
particles (including cases with 
one KS) are by far dominated 
by LHCb — much larger 
yields, similar purities 

• Subject of this talk 

• A crucial contribution from 
Belle II is expected on final 
state with neutrals 

• See Marko’s talk later
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we require the D∗+ meson momentum calculated in the
center-of-mass system to be greater than 2.5, 2.6, and 3.0
GeV/c for the data taken below the Υ(4S), at the Υ(4S),
and above the Υ(4S) resonance, respectively. This mo-
mentum requirement also removes D∗+ → D0π+

s decays
from B meson decays, which do not give the proper decay
time of the D0 meson due to the finite B-meson lifetime.
The selection criteria described above are chosen by

maximizing RWSNRS
S /

√

RWSNRS
S +NWS

B , where RWS

is the nominal ratio of WS to RS decay rates [3], NRS
S

is the number of events in the RS signal region of the
D∗+-D0 mass difference, ∆M ≡ M(D∗+ → D0(→
Kπ)π+

s ) − M(D0 → Kπ), and NWS
B is that in the WS

sideband regions of ∆M . We define the signal region as
∆M ∈ [0.144, 0.147] GeV/c2 and the background side-
bands as ∆M ∈ [0.141, 0.142] or [0.149, 0.151] GeV/c2.
When counting NRS

S , we subtract background candidates
in the signal region using candidates in the RS sideband
regions.
The measured D0 proper decay time is calculated as

t = mD0 L⃗ · p⃗/|p⃗|2 where L⃗ is the vector joining the de-
cay and production vertices of the D0, p⃗ is the D0 mo-
mentum, and mD0 and τ are the nominal D0 mass and
lifetime [3]. We require the uncertainty on t to satisfy
σt/τ < 1.0, and t/τ ∈ [−5, 10]. These selections are de-
termined from 5000 simplified simulated experiments by
maximizing our sensitivity to the mixing parameters and
minimizing the systematic biases in them.
Using these selections, we find no significant back-

grounds in WS candidates that peak in the signal region
from a large-statistics sample of fully simulated e+e− →
hadrons events in our GEANT3-based [15] Monte Carlo
(MC) simulation. Figure 1 shows the time-integrated
distributions of ∆M from RS and WS candidate events
after applying all the selections described above.
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FIG. 1: Time-integrated distributions for the mass difference
of RS (left) and WS (right) candidates. Points with error bars
are the data; full and dashed lines are, respectively, the signal
and background fits described in the text.

The time-integrated RS signal shown in Fig. 1 is
parametrized as a sum of Gaussian and Johnson SU [16]
distributions with a common mean. The time-dependent
RS signal in each bin of the proper decay time is fit

with a Johnson SU only. The shapes of the WS sig-
nal are fixed using the corresponding RS signal shapes,
and fit with only the signal normalization allowed to
vary. The backgrounds in RS and WS decay events are
fit independently and are parametrized with the form
(∆M −mπ+)αe−β(∆M−m

π+), where α and β are free fit
parameters, and mπ+ is the nominal mass of π+ [3]. The
fits give 2 980 710±1885 RS and 11 478±177 WS de-
cays, giving an inclusive ratio of WS to RS decay rates
of (3.851± 0.059)× 10−3. The uncertainty is statistical
only.

We obtain the resolution function of Eq. (3) from the
proper decay time distribution of RS decays after sub-
tracting a small level of background events using the
sideband regions defined above. This is shown in Fig. 2.
We parametrize the proper decay time distribution of RS

τt/
-5 0 5 10

)τ
Ev

en
ts

/(0
.1

 t/

1

10

210

310

410

510

FIG. 2: Distribution of the proper decay time from
background-subtracted RS decays in the signal region (points
with error bars) and in the sideband regions (shaded). The
curve shows the fit to the signal.

decays with the convolution of an exponential and a res-
olution function that is constructed as the sum of four
Gaussians, R(t/τ) =

∑4
i=1 fiGi(t/τ ;µi,σi), where Gi is

a Gaussian distribution with mean µi and width σi and
fi is its weight. The mean µi is further parametrized
with µi = µ1 + aσi, where µ1 is the mean of the core
Gaussian G1 (i = 2, 3, 4). The parameters a and µ1 de-
scribe a possible asymmetry of the resolution function.
All parameters of the resolution function float freely and
the fit is shown in Fig. 2. The D0 lifetime is also a free
fit parameter, for which we obtain (408.5± 0.9) fs, where
the uncertainty is statistical only. This D0 lifetime is
consistent with the world-average value [3] and the other
Belle measurement [17], which gives further confidence in
our parametrization of the resolution function.

To calculate the time-dependent WS to RS decay rate
ratio, we divide the samples shown in Fig. 1 into ten bins
of proper decay time. Our binning choice is made us-

5/fb

720k 11.5k

Belle 
1/ab

[PRD 97 (2018) 031101(R)] [PRL 112 (2014) 111801]
[Belle II physics book]

Expect a strong contribution from BELLE for modes with neutrals

L. Dufour 

Belle II Physics Book 

Also, processing complexity goes quadratically with lumi, so 
must suppress pileup “for free” (timing?) to have a chance !5

So what’s so challenging about LHCb upgrade II?

The anatomy of an LHCb event in the upgrade era, and implications for the LHCb trigger Ref: LHCb-PUB-2014-027

Public Note Issue: 1

6 Reconstructed yields Date: May 21, 2014

b-hadrons c-hadrons light, long-lived hadrons

Reconstructed yield 0.0317± 0.0006 0.118± 0.001 0.406± 0.002
✏(pT > 2GeV/c) 85.6± 0.6% 51.8± 0.5% 2.34± 0.08%
✏(⌧ > 0.2 ps) 88.1± 0.6% 63.1± 0.5% 99.46± 0.03%
✏(pT)⇥ ✏(⌧) 75.9± 0.8% 32.6± 0.4% 2.30± 0.08%
✏(pT)⇥ ✏(⌧)⇥ ✏(LHCb) 27.9± 0.3% 22.6± 0.3% 2.17± 0.07%

Output rate 270 kHz 800 kHz 264 kHz

Table 6: Per-event yields determined from 100k of upgrade minimum-bias events after partial offline
reconstruction. The first row indicates the number of candidates which had at least two tracks from
which a vertex could be produced. The last row shows the output rate of a trigger selecting such
events with perfect efficiency, assuming an input rate of 30 MHz from the LHC, as expected during
upgrade running. A breakdown of each category is available in Table 14.

Figure 1: HLT partially reconstructed (but fully reconstructible) signal rates as a function of decay
time for candidates with pT > 2 GeV/c (left) and transverse momentum cuts for candidates with
⌧ > 0.2 ps(right). The rate is for two-track combinations that form a vertex only for candidates that
can be fully reconstructed offline, ie: All additional tracks are also within the LHCb acceptance.
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Fine print: this plot assumes that processing complexity goes 
linearly with detector occupancy, which is in itself an optimistic 
assumption before we even get to the pileup suppression part!
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Measuring ACP(K+K-)

�11

Table 6.5:
Extrap

olate
d signal yields and stati

stica
l precis

ion on direct
CP violat

ion observa
bles 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

0.01
3

0.03

Run 1–4
(50

fb
�1 )

Prompt
1G

305M
0.00

7
0.01

5

Run 1–5
(300

fb
�1 ) Prompt

4.9G

1.6G
0.00

3
0.00

7

6.2.1
Measu

rem
ent

of ACP
in D

0 ! K
+K

� and
D

0 ! ⇡
+⇡

� and
CP

viol
atio

n

in othe
r two-

bod
y modes

The singly Cabibbo-su
ppresse

d D
0 ! K

� K
+ and D

0 ! ⇡� ⇡+ decay
s discussed

in Sect.
6.1.4

for indirect
CP violat

ion studies, also
play a criti

cal role
in the measu

rement of time-integra
ted

direct
CP violat

ion. The amount of CP violat
ion in these decay

s is expecte
d to be below

the

perce
nt level

[241
–248

], but large
theore

tical
uncerta

inties
due to long-distan

ce intera
ction

s

preve
nt precis

e SM predictio
ns. In the presen

ce of physics
beyon

d the SM, the expecte
d CP

asymmetrie
s could be enhanced

[249
], although an observa

tion
near the curren

t experim
ental

limits would be consiste
nt with the SM expecta

tion. The direct
CP violat

ion is asso
ciate

d with

the break
ing of CP symmetry

in the decay
amplitude. It is measu

red through the time-integra
ted

CP asymmetry
in the h� h+ decay

rates

ACP(D
0 ! h

� h
+ ) ⌘

�(D
0 ! h� h+ ) � �(D

0 ! h� h+ )

�(D
0 ! h�h+ ) + �(D

0 ! h�h+ )
.

(6.5)

The sensitiv
ity to direct

CP violat
ion is enhanced through a measu

rement of the di↵eren
ce in CP

asymmetrie
s between D

0 !K
� K

+ and D
0 !⇡� ⇡+ decay

s, �ACP
= ACP(K

� K
+ )�ACP(⇡

� ⇡+ ),

in which detect
or asymmetrie

s large
ly cancel.

The individual asymmetrie
s ACP(K

� K
+ ) and ACP(⇡

� ⇡+ ) can
also

be measu
red. A mea-

surement of the time-integra
ted CP asymmetry

in D
0 ! K

� K
+ has been

perfor
med at LHCb

with 3 fb
�1 colle

cted
at centre-o

f-mass energie
s of 7 and 8TeV. The flavou

r of the charm
meson

at production
is determ

ined from
the charge

of the pion in D
⇤+ ! D

0 ⇡+ decay
s, or via the

charge
of the muon in semileptonic b-hadron

decay
s (B ! D

0 µ� ⌫µX
). The analysis strat

egy

so far relie
s on the D

+ ! K
� ⇡+ ⇡� , D

+ ! K
0
s
⇡+ and D

⇤+ ! D
0 (! K

� ⇡+ )⇡
+ decay

s as

control
samples [250

]. In this case
, due to the weigh

ting procedures aiming to fully cancel the

production
and reco

nstruction
asymmetrie

s, the e↵ectiv
e prompt signal yield

for ACP(K
� K

+ )

is reduced. The expected
signal yields and the corre

sponding stati
stica

l precis
ion in Upgrad

e II

are summarise
d in Table 6.5.

The �ACP
observa

ble is robust again
st system

atic
uncerta

inties.
The main sources

of system
-

atic
uncerta

inties
are inaccu

racie
s in the fit model, the weighting procedure, the contamination

of the prom
pt sam

ple with seco
ndary

D
0 meson

s and the presen
ce of peaking backgrou

nds.

There are no system
atic

uncerta
inties

which are expected
to have irred

ucible contributions which

exceed
the ultimate stati

stica
l precis

ion. This channel is alrea
dy enterin

g the upper range of the

physical
ly interes

ting sensitiv
ities,

and will likely
continue to provide the world’s best sensitiv

ity

to direct
CP violat

ion in charm
in Upgrad

e II. The power of these two-body CP eigen
state

s at

LHCb Upgrad
e II is illustrat

ed in Fig. 6.4,
which shows the indirect

(see
Sect.

6.1.4
) and direct

CP constrai
nts that will com

e from
these modes.

There are a sign
ificant number of other two-body modes of stron

g physics
interes

t where

Upgrad
e II will also

make importan
t contributions. These include the decay

modes D
0 ! K

0
S
K

0
S

(0.28
%), D

0 ! K
0
S
K

⇤0 (0.6
⇥ 10

�4 ), D
0 ! K

0
S
K

⇤0 (0.8
⇥ 10

�4 ), D
+
s

! K
0
S
⇡+ (3.2

⇥ 10
�4 ),

59

In the SU(3) lim
it: 2|ACP(KK)| = |Δ ACP|.  

Would need to resolve a O(0.07%) CP asymmetry

Luminosity scaling only

LHCb-PUB-2018-009

Development in detector calibratio
n essential

Amsterdam Workshop ! April 9 2019 !

Beyond ACP(K+K-): KSKS

Significant theory interest in ACP(D
0 -> KsKs)  

Estimations vary from ≤ 1% to O(3/2 ΔACP)
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ed
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tree

amp
litud

e;

(iii)
P, Q

CD-
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e;

(iv)
S, singl

et QCD
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e invo
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SUð3ÞF
-sing

let m
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s (e.
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(v) PEW
, col

or-fa
vore

d EW-pen
guin

amp
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P
C
EW

, col
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ihila
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hilat
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es.)

(iii)
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QCD
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litud
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(iv)
PA,

QCD
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guin
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hilat
ion amp

litud
e;

(v) PEEW
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guin

exch
ange

amp
litud
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d

(vi)
PAEW

, EW
-pen
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amp
litud

e; (P
E

and
PA
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ly calle

d ‘‘we
ak peng

uin
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hilat

ion’’
amp

litud
es) a

nd

(3) flavo
r-sin

glet
weak

anni
hilat

ion
amp

litud
es:

all
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-sing

let m
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s,

(i) SE, s
ingle

t W-exc
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(ii)
SA, s

ingle
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amp
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(iii)
SPE

, sin
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QCD
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litud
e;

(iv)
SPA

, sing
let Q

CD-
peng

uin a
nnih
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n am

plitu
de;

(v) SPEEW
, sin

glet
EW-pen

guin
exch

ange
amp

litud
e;

and

(vi)
SPAEW

, sing
let E

W-pen
guin

annih
ilatio

n am
plitu

de.

The
read

er is
refer

red to Ref.
[25]

for d
etail

s.

It sh
ould

be stres
sed

that
these

diag
rams

are class
ified

pure
ly ac

cord
ing t
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Uncertainty [%]

Belle I

± 1.53 ± 0.17

LHCb ’12-‘16

± 2.8 ± 0.9

LHCb Run 2

± 1.5

Belle II

± 0.23

LHCb Upgrade-II
 ± 0.12 - 0.23*

Upgrade-II essential!

Main challenge: event trigger

[1]: Nierste, Schacht ’15 

[2]: Hiller, Jung, Schacht ‘13 

[2]: Cheng, Chaing ‘12

*: Unofficial extrapolation based on presented improvements

Moving closer to our competition

34 



Luca Silvestrini 16

 

4th Workshop on LHCb Upgrade II  
       Amsterdam, 8-10 April 2019

CURRENT FIT RESULTS w. 

APPROXIMATE UNIVERSALITY

x = (3.7 ± 1.2) 10-3, y = (5.96 ± 0.55) 10-3,         
    ↵ = (1 ± 4)°, |q/p|-1 = (0 ± 4) 10-2 

CP violation in mixing charm: q/p 

•  D0 mesons mix 
–  Although they decay quickly 

•  Nailing down CPV in mixing: 

10 Apr 2019 -  Upgrade II workshop - Niels Tuning 

Figure 6.2: The predicted constraints on the indirect CP 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.

0.85 0.9 0.95 1 1.05 1.1

0.2−

0.1−

0

0.1

0.2 HFLAV World Average 2017
LHCb 300/fb

contours hold 68%, 95% CL

|q/p|

ϕ

Figure 6.3: The estimated constraints for LHCb Upgrade II on �, |q/p| from the combination of
the analyses in the previous section (red) compared to the current world-average precision [25]
(light blue).

with new physics sensitive loop processes or those with exchange diagrams where larger SM
contributions are expected. The precision study of modes containing neutral particles will be
opened up by the proposed calorimeter of Upgrade II.

Direct CP violation e↵ects in the charm system could be larger than those in indirect CP
violation, and Upgrade II will be able to characterise the direct CP sources. Alternatively CP
violation e↵ects may be very small and Upgrade II will be needed to probe them. In either
scenario the experiment will have a strong programme in this field.
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CP violation in decaying charm: ΔACP 

10 Apr 2019 -  Upgrade II workshop - Niels Tuning 
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ΔI = ½ IN D DECAYS?

● Perform isospin analysis of D⌥�� decays:

– |A0| ~ 2 |A2|

– Arg(A0/A2) ~ 90º

● No ΔI=½ rule, but maximal FSI effects

– extremely tough for nonperturbative methods

– no dynamical assumption ⌃ no prediction

● Natural expectations in the SM: 

– ACP ~ O(rCKM <ΔU=0, I=0>/<ΔU=2, I=2> sinδ) ~ rCKM

– ΔACP ~ 2 rCKM ~ 0.13 %

Franco, Mishima & L.S. '12

Khodjamirian & Petrov '17;
Chala et al '19

Muller, Nierste & Schacht '15; ...

Franco, Mishima & L.S. '12

Brod, Kagan & Zupan '11

L. Silvestrini 
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MOVING FORWARD FROM 

ΔA
CP
: THEORY

● LHCb obtained a fantastic observation of 
ΔACP in the ballpark of the SM expectation

● Not yet clear which theory approach can do 
best; most promising ones imho:

– assume FSI dominance + dynamical info on 
rescattering

– assume SU(3) + hierarchy in SU(3)-breaking

– get some dynamical info from LQCD

It’s SM 

36 



To be(yond the SM) or not to be(yond the SM)  

10 Apr 2019 -  Upgrade II workshop - Niels Tuning 
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Charm Outlook 
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Yields taken from HL-LHC WG4 arXiv:1812.07638 
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EXP. INPUTS: D⌥Kπ

● LHCb analysis for no direct CPV scaled by 
luminosity, correlation matrix kept fixed:

Phys. Rev. D97 (2018) 031101
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EXP. INPUTS: D⌥K
S
ππ

● Latest LHCb result scaled by luminosity, 
correlation matrix kept fixed (statistical 
errors only)

arXiv:1903.03074

Luca Silvestrini 24

 

4th Workshop on LHCb Upgrade II  
       Amsterdam, 8-10 April 2019

RESULTS FOR Φ
M
=Φ

Γ
=0

↵
M
 = (0.00 ± 0.06)°, ↵  = (0.0 ± 0.1)° 
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UNIVERSALITY AT WORK

● Define |DS,L|=p|D0|±q|D0|,                         

d=(1-|q/p|2)/(1+|q/p|2), x=Dm/G and y=DG/2G 

● Introduce ↵f=arg(q/p Af/Af)

● At zeroth order in rCKM/є, one has ΦΓ=0, 

Φ12=arg(Γ12/M12)=-ΦM, ↵f=↵=arg(q/p)

● The relation ΦΓ+↵=arg(y+idx) becomes 

↵=arg(y+idx): everything depends on x, y and d
CIuchini et al '07

Kagan, Sokoloff '09

Luca Silvestrini 23
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EXP. INPUTS: A
Γ

● Taken from HL YR:
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       Amsterdam, 8-10 April 2019

EXP. INPUTS: D⌥Kπππ

● Expected uncertainties from HL YR, 
correlation matrix invented due to lack of 
information (i.e. taken from CPV-allowed 
Belle KSππ)
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4th Workshop on LHCb Upgrade II  
       Amsterdam, 8-10 April 2019

EXP. INPUTS: D⌥Kπ

● LHCb analysis for no direct CPV scaled by 
luminosity, correlation matrix kept fixed:

Phys. Rev. D97 (2018) 031101

L. Silvestrini 



Outline 

•  Rare Decays 
–  Very rare:  B(s)

0àµ+µ- 

–  FCNC EWP :  bàsll 

•  CP violation in Charm 
–  CPV in mixing:  yCP, AΓ 
–  CPV in decay:  ΔACP 

•  CP violation in Beauty 
–  Time dependent:  sin2β, φs 

–  Time integrated:  γ 

•  Heavy Ions 

10 Apr 2019 -  Upgrade II workshop - Niels Tuning 39 



CP violation in beauty: Time dependent (φs, β) 

•  New physics in the box diagram? 

 

10 Apr 2019 -  Upgrade II workshop - Niels Tuning 

B0
s

B̄0
s

t

t

WW

b

s

s

b

mixing 

CP violation in mixing (semi-leptonic):  

CP violation in mixing and decay (Bs
0àJ/ψφ): 

 

φΓ/M = φM −φΓ
φs = φM −φccs

φM “Mixing” phase?? 
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CP violation in beauty: Time dependent (φs, β) 

•  New physics in the box diagram? 
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Figure 1: Distribution of the invariant mass of selected B0
s ! J/ K+K� decays. The signal

component is shown by the long-dashed red line, the background component by the dashed
green line and the total fit function by the solid blue line.
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Figure 2: Distribution of the (a) µ+µ� and (b) K+K� invariant mass from selected B0
s !

J/ K+K� decays. The background is subtracted using sWeights computed from the fit shown
in Fig. 1. The dashed blue lines in (b) define the boundaries of the six bins that are used in the
analysis.

decays, and a small fraction of a background due to candidates that have a decay time224

computed with respect to a wrong PV (wrong-PV component). The prompt component225

has zero decay time and is used to calibrate the detector decay-time resolution by studying226

the shape of the decay-time distribution around zero. This distribution is modelled by a227

delta function and a tail at positive decay times due to J/ mesons from b-hadron decays,228

described by two exponential functions. The sum of these components is convolved with229

a triple-Gaussian resolution function230

R(t) =
3X

i=1

fi
1p
2⇡�i

exp


�(t� µ)2

2�2

i

�
, (1)

where
P

i
fi = 1, µ is the common mean of the Gaussian functions and �i are the individual231

widths. The shape of the wrong-PV component is determined from a data control sample232
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CP violation in beauty: Time dependent (φs, β) 

•  New physics in the box diagram? 
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Control of  penguin pollution
◦ U-spin or SU(3) flavour symmetry to constrain size of penguin with b→cc̅d

◦ Penguin pollution and/or CP violation could be different for each polarisation state, f ∈ (0, ⊥, ∥, S)

→ no sign yet of dependence in $%& → (/* KK (also in Run 2) so penguins are small

◦ SU(3)F: +,- → .//0∗- and +- → .//2- are b→cc ̅d transitions (related by s-d spectator exchange).                
$& → (/*3& contains E + PA diagrams that are not present in $%& → (/*4∗&

14
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 0

82
]

Precision of  ~10 mrad
To be compared with the current precision of  HFLAV of  21 mrad

Fundamental to update these analyses, expected sensitivity at 300/fb is 1.5 mrad (statistically limited)      
+ $%& → (/*5 and $& → (/*6 (E + PA diagrams only)

[arXiv:1808.08865]

F. Dordei & L. Zhang 



Prospects for sin(2&)
◦ @50/fb: ()*+* = 0.006 with -. → 0/23).
◦ @300/fb: ()*+* = 0.003 with -. → 0/23).
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Belle II @50/ab: ()*+* = 0.005 with -. → 0/23).

Systematics:
• Mostly depends on size of control samples

à scale with statistics
• Important to understand how to take into

account 3. − 53. CP violation and nuclear
cross-section asymmetry.

Leading sources of systematic uncertainty are 
different between Belle II and LHCb

Penguins controlled using -. → 0/26. and -). → 0/23).
• -). → 0/23). studied by LHCb [Phys. Rev. Lett. 115 (2015) 031601]

• Belle II expects a good precision for -. → 0/26.
• Improving ECAL will allow also LHCb to contribute
• Upgrade II will also allow to study other SU(3) related modes

CP violation in beauty: Time dependent (φs, β) 

10 Apr 2019 -  Upgrade II workshop - Niels Tuning 
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Figure 3.4: Signal-yield asymmetry as a function of the B0
(s) decay time, (NB0

(s)
�NB0

(s)
)/(NB0

(s)
+NB0

(s)
).

Here, NB0
(s)

(NB0
(s)

) is the number of (left) B0
s ! J/ � or (right) B0 ! J/ K0

S decays with a B0
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flavour tag. The data points are obtained from simulation with the expected sample size at 300 fb�1, and
assuming the current performance of the LHCb experiment. The solid curves represents the expected
asymmetries for �cc̄ss = �36.4mrad [43] and sin�cc̄sd = 0.731 [53]), the values used in the simulation.
The height of the oscillation is diluted from sin�cc̄sd(s) due to mistagging, decay time resolution, and (for

B0
s ! J/ �) the mixture of CP -even and CP -odd components in the final state.

and B0
s !  (2S)� [50] modes have also been studied with LHCb, and give less precise but

still important complementary results. Other channels, which have not been exploited yet but
could be important in Upgrade II if good calorimeter performance can be achieved, include
B0

s ! J/ � with J/ ! e+e� and B0
s ! J/ ⌘(0) with ⌘0 ! ⇢0� or ⌘⇡+⇡�, and ⌘ ! ⇡+⇡�⇡0 or

�� [51, 52].
The scaling of the �cc̄s

s precision with integrated luminosity for individual decay modes
and for their combination is shown in Fig. 3.3 (right). These uncertainties are statistical only
and are scaled from existing results, taking into account the gain in trigger e�ciency expected
for B0

s ! D+
s D�

s after Upgrade I. Maintaining the current performance will put stringent
constraints on the design of the detector as regards momentum and vertex position resolution as
well as particle identification performance. A key ingredient is the flavour tagging that is very
sensitive to event and track multiplicity, as discussed in Sec. 3.2. Systematic uncertainties are
mainly based on the sizes of control samples, and are therefore expected to remain subdominant
even with very large samples. Therefore, it is expected that the small value of �2�s predicted in
the SM can be measured to be significantly non-zero in several channels.

The expected precision on �cc̄s
s after Upgrade II will be ⇠ 4mrad from B0

s ! J/ � decays
alone and ⇠ 3mrad from all modes combined. This will be at the same level as the current
precision on the indirect determination based on the CKM fit using tree-level measurements
(this in turn is expected to improve with better measurements of other CKM matrix parameters).
Figure 3.4(left) shows the signal-yield asymmetry as a function of the B0

s decay time, folded at
the frequency of B0

s oscillations, for B0
s ! J/ � decays from a simulated data set corresponding

to 300 fb�1, and clearly shows that a visible CP -violation e↵ect will be observable. The excellent
precision on �cc̄s

s that can be achieved with Upgrade II gives exciting potential to observe
deviations from the SM prediction, and in their absence will be used to impose severe constraints
on possible beyond-the-SM contributions.
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s after Upgrade I. Maintaining the current performance will put stringent
constraints on the design of the detector as regards momentum and vertex position resolution as
well as particle identification performance. A key ingredient is the flavour tagging that is very
sensitive to event and track multiplicity, as discussed in Sec. 3.2. Systematic uncertainties are
mainly based on the sizes of control samples, and are therefore expected to remain subdominant
even with very large samples. Therefore, it is expected that the small value of �2�s predicted in
the SM can be measured to be significantly non-zero in several channels.

The expected precision on �cc̄s
s after Upgrade II will be ⇠ 4mrad from B0

s ! J/ � decays
alone and ⇠ 3mrad from all modes combined. This will be at the same level as the current
precision on the indirect determination based on the CKM fit using tree-level measurements
(this in turn is expected to improve with better measurements of other CKM matrix parameters).
Figure 3.4(left) shows the signal-yield asymmetry as a function of the B0

s decay time, folded at
the frequency of B0

s oscillations, for B0
s ! J/ � decays from a simulated data set corresponding

to 300 fb�1, and clearly shows that a visible CP -violation e↵ect will be observable. The excellent
precision on �cc̄s

s that can be achieved with Upgrade II gives exciting potential to observe
deviations from the SM prediction, and in their absence will be used to impose severe constraints
on possible beyond-the-SM contributions.
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Figure 3.3: Left: Global HFLAV average of �s and ��s from a variety of experiments [25]. Right:
Scaling of the statistical precision on �s from several tree-dominated B0

s meson decay modes.

contributions to the decay can be neglected (see Sect. 3.3.3), then the experimentally observable
quantity is the phase, �cc̄s

s = �2�s, which has a precise SM prediction of �36.4 ± 1.2mrad
based upon global fits to experimental data [43]. Deviations from this value would be a clear
sign of physics beyond the SM, strongly motivating the need for more precise experimental
measurements.

The single most statistically sensitive measurement �cc̄s
s is given by the flavour-tagged decay-

time-dependent angular analysis of the B0
s ! J/ (µ+µ�)�(K+K�) decay [44]. This channel

has a relatively high branching fraction and the presence of two muons in the final state leads
to a high trigger e�ciency at hadron colliders. Moreover, particle-identification criteria can be
used in LHCb to suppress backgrounds e�ciently, resulting in high sample purity (signal to
background ratio of about 50 in the signal region of ±20 MeV/c2 around the nominal B0

s mass).
The LHCb detector has excellent time resolution (⇠ 45 fs) and good tagging power (⇠ 4%), both
of which are crucial for a precision measurement. Angular analysis is necessary to disentangle the
interfering CP -odd and CP -even components in the final state, which arise due to the relative
angular momentum between the two vector resonances. In addition, there is a small (⇠ 2%)
CP -odd K+K� S-wave contribution that must be accounted for. To do this correctly requires
detailed understanding of any variation of e�ciency with angular variables and K+K� invariant
mass.

Figure 3.3 (left) shows the current global average value of �cc̄s
s and ��s, which are determined

simultaneously from fits to B0
s ! J/ � and, in the case of LHCb, B0

s ! J/ ⇡+⇡� data. The
precision of the world average is dominated by the LHCb measurement which itself is dominated
by the result using B0

s ! J/ �. The averages are consistent with SM predictions [34,43], but
there remains space for new physics contributions of O(10%). As the experimental precision
improves it will be essential to have good control over possible hadronic e↵ects [45,46] that could
mimic the signature of beyond-the-SM physics (see Sect. 3.3.3).

Having multiple independent precision measurements is important since it allows not simply
to improve the precision of the average, but also to perform a powerful consistency check of
the SM. One important way in which this can be done is by allowing independent CP -violation
e↵ects for each polarisation state in the B0

s ! J/ �. This has been done as a cross-check in
the Run 1 analysis [44], but this strategy will become the default in Upgrade II. Additional
information can be obtained from B0

s ! J/ K+K� decays with K+K� invariant mass above
the �(1020) meson, where higher spin K+K� resonances such as f 0

2
(1525) meson contribute [47].

Among other channels, competitive precision can be obtained with B0
s ! J/ ⇡+⇡� decays [48],

which have been found to be dominated by the CP -odd component. The B0
s ! D+

s D�
s [49]
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φs from bàccs 

φs
SM = 36.9+1.0

-0.7 mrad [CKMfitter] 
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State of  art of sin(2&)

LHCb:
◦ ( = *. ,-* ± *. */0 [JHEP 11(2017) 170]

Belle:
◦ ( = *. --, ± *. *1- [PRL 108(2012) 171802]

Babar:
◦ ( = *. -23 ± *. */3 [PRD 79(2009) 072009]

16

4 ≡ −789sin 2& = 0.699 ± 0.017 4?@ ≡ sin 2& = 0.748CD.DEFGD.DED

Golden channel HD → J/LMND, averages including all charmonium:

[HFLAV 2018] [CKMfitter]

• LHCb has a similar precision to the B-factories
• Small tension of  B-factories results with SM predictions to be clarified

F. Dordei & L. Zhang 
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News from ATLAS
◦ New since Run2: Insertable pixel B-Layer (IBL) + topological L1 

trigger
◦ !"## = %& '( (wrt 100 fs in Run 1)

◦ Integrated lumi of  80.5 )b+, (2015-2017) à Full Run 2 is 139 )b+,

◦ -./012=1.65% (Run 1 was 1.49%)

11

Very preliminary HFLAV combination

34 = −0.054 ± 0.021 rad
ΔΓ4 = 0.0762 ± 0.0034 ps+,

[ATLAS-CONF-2019-009]

34 = −0.068 ± 0.038 ± 0.018 rad
Γ4 = 0.669 ± 0.001 ± 0.001 ps+,
ΔΓ4 = 0.067 ± 0.005 ± 0.002 ps+,

Run 2

Single measurement stat. precision comparable to LHCb
(which is 2015-2016) à34,GHIGJ4./. KLM1 = 0.078 for 19/fb
Combining ATLAS Run 1 + Run 2:

34 = −0.076 ± 0.034 ± 0.019 rad
Γ4 = 0.669 ± 0.001 ± 0.001 ps+,
ΔΓ4 = 0.068 ± 0.004 ± 0.003 ps+,
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CP violation in beauty: Time dependent  

Tagging 

•  Great improvement 

•  Suffers from multiplicity 

•  TORCH will help 

10 Apr 2019 -  Upgrade II workshop - Niels Tuning 

Flavour tagging in the future
Almost everything will be new in Run3 (similar 
situation as in 2010)

◦ Upgrade challenge: increase in track multiplicity 
and pile-up (~6 for Upgrade-I and ~55 for 
Upgrade-II) that have negative effect on ! and 
"#$% .

◦ FT performance directly linked to the ability to 
associate PV ⟺ track. To improve/maintain 
tagging performance need:
◦ Hardware: timing information (upgrade-II 

workshops)
◦ Software: deep neural networks to learn correlations 

between all tracks and the signal B meson (inclusive 
taggers), need to reduce significantly persisted info. 
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• Better exploitation of data = more tagging power!
• Run2 LHCb : ~30% relative improvement of tagging power 
• Belle 2 will do much better with their data for '(
• CMS/ATLAS do worse but with more data 

Plot from S. Akar

T.Hadavizadeh  
!15

Flavour tagging in Upgrade II

Huge challenge, timing to associate tracks to pp collisions & 
low-momentum PID crucial to maintain current performance

Figure 3.1: E↵ective tagging e�ciency of (left) di↵erent HEP experiments and (right) LHCb flavour
tagging algorithms [40]. The white lines indicate contours of constant tagging power.
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Figure 3.2: E↵ective tagging e�ciency of OS and SS kaon taggers, and their combination, (left) in bins
of pile-up vertices and (right) in bins of track multiplicity. These results are obtained from Upgrade I
simulation of B0

s ! D�
s ⇡+ decays. The OS performances correspond to those obtained from combination

of the individual OS taggers.

if 50–100 ps time resolution can be obtained in the VELO, the PV misassociation rate can
be kept down to ⇠ 5%, and comparable FT performance to that achieved with the current
detector can be expected. Further improvement in FT performance may be achieved by using
more sophisticated multivariate techniques, from better understanding of the hadronisation
processes, and from additional information from new instrumentation in the Upgrade II detector.
In particular, particle identification for low momentum tracks from the TORCH detector, and
additional acceptance for tracks through magnet side stations should both help. Therefore, it is
assumed in the remainder of this section that the FT performance from existing LHCb results
can be maintained for Upgrade II, although detailed simulation studies will be necessary for a
precise quantification.

3.3 Measurements of �s and �d in theoretically clean modes

3.3.1 �s from B0
s ! J/ � and related modes

Measurements of decay-time-dependent CP asymmetries in the B0
s system using b ! ccs

transitions are sensitive to the CKM phase �s ⌘ arg [�(VtsV
⇤
tb)/(VcsV

⇤
cb)]. If penguin loop
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CERN-LHCC-2017-003, CERN-LHCC-2018-027

Tom Hadavizadeh

Flavour tagging
- Two aspects of flavour tagging have been investigated: 

- The effect of improved low-momentum PID performance on tagging power 

- The effect of correct track-PV association on tagging power as a function of 
the number of PVs 

- To achieve this, simple cut-based tagging algorithms have been constructed 

- This method has been used to isolate the effect of TORCH 
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Figure 17: The momentum distribution of truth-matched (black) and selected (blue) tags for
the SSKaon algorithm. The selected tags must pass the nominal LHCb PID and momentum
requirements as described in Section 4.2.2.

b-hadron candidate has an appropriate tag, and ! is the fraction of tagged candidates317

that are incorrectly tagged.318

4.2.2 Incorporation of TORCH PID performance319

The e↵ect of the TORCH PID e�ciencies on the tagging performance is studied using320

simple cut-based tagging algorithms, based closely on previous versions of current tagging321

software [16,17]. More recent approaches to tagging in LHCb exploit multivariate analysis322

techniques, however, the use of cut-based algorithms is expected to isolate the improvement323

that TORCH itself provides, without the need for extensive re-optimisation of the full324

framework. The following procedure is employed:325

1. A loop is performed over the container of Long tracks in events with a candidate B326

meson (StdAllNoPIDsKaons).327

2. Tracks with a momentum above 10GeV/c are selected if they pass ‘nominal’ tagging-328

algorithm selection requirements, defined below.329

3. For tracks below 10GeV/c three di↵erent selections are considered:330

(a) The nominal selection, where the existing momentum, pT, and LHCb PID cuts331

are applied as a baseline;332

(b) The perfect PID selection, a sample in which the MC truth information is used333

to only select the correct species (e.g. kaons);334

(c) The TORCH selection, a sample in which tracks identified by MC truth335

information to be protons, pions or kaons are retained according to the relevant336

TORCH PID e�ciency or mis-identification rate as determined from the stand-337

alone TORCH simulations;338

4. If any of the strategies result in more than one tag candidate, the one with the339

highest pT is chosen.340
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SSKaon

Tom Hadavizadeh

Tagging Part I: PID

- TORCH increases the tagging power for both algorithms  

- Improvements consistent between the two samples 

- Performance approaches upper limit with perfect PID below 10 GeV/c

 9

Tagger B0
s ! D+

s ⇡
�

Nominal TORCH Perfect
SSKaon 1.20± 0.05% 1.52± 0.05% 1.61± 0.05%
OSKaon 1.29± 0.05% 1.73± 0.06% 1.80± 0.06%

Tagger B+
! J/ K+

Nominal TORCH Perfect
OSKaon 1.06± 0.04% 1.51± 0.05% 1.61± 0.05%

Table 2: E↵ective tagging power ✏e↵, for the di↵erent tagging configurations when studied using
simulated samples of B0

s ! D+
s ⇡

� and B+
! J/ K+ decays. The three scenarios modify the

selection of tagging tracks with momentum less than 10 GeV/c.

4.2.3 Incorporation of timing information356

The TORCH detector is expected to determine a track’s time of arrival to a precision357

of around 15 ps. In a high pile-up environment, this timing information may help to358

disentangle from which primary interaction the track originated. The deterioration of the359

tagging performance as a function of the number of PVs and tracks in an event could360

be alleviated with this extra information. Presently, the TORCH simulation does not361

model the per-track timing information, therefore to determine the upper limit of any362

improvement in tagging the following procedure is used:363

1. Various relevant opposite-side algorithms are developed using cut-based selections;364

2. The samples are selected twice, once with the nominal selection and a second time365

using the MC truth information to exclude all tracks that originated from a di↵erent366

PV to the signal candidate;367

3. The performance is compared to show the best possible improvement if TORCH368

could perfectly associate tracks to PVs.369

The two OS tagging algorithms developed for this study are OSKaon and OSMuon algo-370

rithms. For the OSKaon algorithm, the selection is the same as the nominal configuration371

previously described in Table 1. The selection of the OSMuon algorithm is detailed in372

Table 3 [16].373

The tagging power is studied as a function of the number of primary interactions and374

number of tracks in an event and is shown for both OS algorithms in Fig. 18. It can be seen375

that by removing all tracks from other primary interactions the performance improves. The376

relative performance gain is generally larger at higher values of NPV. The dependence of377

the tagging power on NPV and NTracks is not completely eliminated by artificially removing378

these incorrect tracks from the tagging algorithm. This may imply the overall occupancy379

of the detector still degrades the performance. The improvement shown in Fig. 18 is an380

upper limit of the improvement that the TORCH timing information alone could provide381

to tagging (i.e. this is independent of any improvement in PID discrimination). In future,382

17

Tagger B0
s ! D+

s ⇡
�

Nominal TORCH Perfect
SSKaon 1.20± 0.05% 1.52± 0.05% 1.61± 0.05%
OSKaon 1.29± 0.05% 1.73± 0.06% 1.80± 0.06%

Tagger B+
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Nominal TORCH Perfect
OSKaon 1.06± 0.04% 1.51± 0.05% 1.61± 0.05%

Table 2: E↵ective tagging power ✏e↵, for the di↵erent tagging configurations when studied using
simulated samples of B0

s ! D+
s ⇡

� and B+
! J/ K+ decays. The three scenarios modify the

selection of tagging tracks with momentum less than 10 GeV/c.
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The TORCH detector is expected to determine a track’s time of arrival to a precision357

of around 15 ps. In a high pile-up environment, this timing information may help to358
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improvement in tagging the following procedure is used:363

1. Various relevant opposite-side algorithms are developed using cut-based selections;364

2. The samples are selected twice, once with the nominal selection and a second time365

using the MC truth information to exclude all tracks that originated from a di↵erent366

PV to the signal candidate;367

3. The performance is compared to show the best possible improvement if TORCH368

could perfectly associate tracks to PVs.369

The two OS tagging algorithms developed for this study are OSKaon and OSMuon algo-370
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- The tagging power is compared for the different configurations

For the studies of flavour tagging and specific decay modes in this section, the expected274

TORCH performance from the stand-alone simulation is applied to reconstructed particles275

in centrally-produced LHCb simulation samples for each of the decay modes, generated276

for the Upgrade Ib conditions (L = 2⇥ 1033 cm�2 s�1 ).277

4.2 Tagging278

Flavour tagging algorithms are used to determine the flavour of neutral mesons at279

their production. This is a crucial component of time-dependent measurements of CP280

asymmetries, see for example Ref. [15]. The algorithms exploit information in pp ! bbX281

events that can be correlated to the flavour of the b-hadron at production. The algorithms282

are split into two classes: same side (SS) and opposite side (OS) taggers. The SS algorithms283

identify particles produced in the hadronisation of the b-quark associated to the b-hadron284

candidate. The OS algorithms identify particles associated to the decay of the other285

b-quark in the event, i.e. the one that doesn’t form part of the b-hadron candidate. In286

both cases, the charge of the associated particle is correlated to the initial flavour of the287

b-hadron candidate.288

4.2.1 Relevant tagging algorithms289

Tagging algorithms require identifying the species of the associated flavour tagging particle,290

with the OSKaon, SSKaon, and SSProton algorithms [16–18] being of particular relevance291

to TORCH due to the potential of improvement in the identification of kaons and protons.292

The SSPion algorithm is not expected to gain significantly from the improved PID because,293

although the rate of kaons and protons misidentified as pions may be reduced by TORCH,294

the dominance of the number of pions in an event limits the benefit.295

The SSKaon algorithm selects charged kaon candidates that could have been produced296

from the hadronisation of the s-quark associated to the production of a B0
s meson (bs).297

Therefore, a positively charged kaon, a K+ (us), indicates the flavour at production was298

a B0
s , and a K� indicates a B0

s. The truth-matched momentum distribution for these299

tagging particles in Monte Carlo simulations are shown in Fig. 17 in black. A large fraction300

of tags have a momentum in the range that could potentially benefit from TORCH PID,301

as they are currently not selected using the nominal selection, shown in blue.302

The OSKaon algorithm selects hadrons produced in the decay of the other b-hadron in303

an event. In contrast to the SS algorithms, these tags are not consistent with originating304

from the primary interaction vertex as they are produced at secondary vertices. Therefore,305

in addition to particle identification, it is important to correctly associate the track to the306

correct primary vertex to accurately determine the b-hadron flavour. As the number of307

pile-up interactions increases, it becomes more di�cult to correctly associate the track to308

the primary interaction, therefore the performance of these algorithms decreases.309

Studies by the flavour tagging group have shown that the performance of the state-of-310

the-art tagging algorithms decrease as the number of primary interactions increases [3].311

Additionally the same trend is observed as a function of the number of tracks in the312

detector. Therefore, it is of great interest to identify ways of mitigating this performance313

loss.314

The sensitivity of measurements that rely on flavour tagging can be quantified using315

the e↵ective tagging power ✏e↵ = ✏tag⇥ (1� 2!)2, where ✏tag is the probability that a given316
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Figure 2: Invariant mass distributions of selected B± → [K+K−]Dh± candidates, separated by
charge. See Fig. 1 for details of each component.
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State of  art of  !
◦ Strategy similar to previous combinations: frequentist treatment. 

◦ This combination includes new and updated measurements.

5

LHCb combination
! = (74.0().*+).,)∘

In agreement with world averages
Supersedes the previous LHCb measurement. 
Most precise determination of γ from a single experiment to date.

[L
H

C
b-

C
O

N
F-

01
8-

00
2] [L

H
C

b-
C

O
N

F-
01

8-
00

2]
[L

H
C

b-
C

O
N

F-
01

8-
00

2]

F. Dordei & L. Zhang 
46 



CP violation in beauty: Time integrated (γ) 

10 Apr 2019 -  Upgrade II workshop - Niels Tuning 

LHCb, PLB 777 (2018) 16 

47 

-8 -7 -6 -5 -4 -3 -2 -1 1 2 3 4 5 6 7 8

Effective bin number

1−

0.5−

0

0.5

1

)− Bi-
N

 +
 

+ Bi
N

)/(− Bi-
N

 - + Bi
N(

 simulation-1LHCb 300 fb

Figure 4.2: (Left) Bin definitions for D ! K0
S
⇡+⇡� as a function of m2

� and m2
+, the invariant

masses squared of the K0
S
h� and K0

S
h+. Figure from Ref [151]. (Right) Asymmetry between

yields for B± ! DK± decays, with D ! K0
S
⇡+⇡� in bin i (for B+) and �i (for B�). The

data points are obtained from simulation with the expected sample size at 300 fb�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.
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Figure 4.3: Expected evolution of � sensitivity with the GGSZ method with (red crosses) current
CLEO inputs and with (blue ⇥-marks)

p
N improvements on their uncertainty.

Specifically, the values of ci and si, which correspond to amplitude-weighted average values
of cos(�D) and sin(�D) in each Dalitz bin i, are required. These can be measured in a model-
independent manner by using quantum-correlated D0D0 pairs from  (3770) decays, as was done
previously with data taken at the CLEO-c experiment [152]. This allows the determination of �
to also be carried out in a completely model-independent fashion, the price for which is a small
loss in sensitivity from binning the data, and a systematic uncertainty which depends on the
precision with which the strong-phase measurements can be determined.

The model-independent method is therefore expected to be the baseline in Upgrade II ,
and its uncertainty is currently statistically dominated. Although systematic uncertainties will
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Prospects for !

◦ Belle-II targets a precision of 1.5∘ at the end of data-taking (2025)

◦ Comparison of measurements made in single decay modes interesting after Upgrade II (1∘ sensitivity) àNP in tree level different 
for different final states 7

[arXiv:1808.08865] [arXiv:1808.08865]

• D is reconstructed in a two charged-track final state
• All ADS/GLW asymm. currently statistically limited
• Dominant syst., due to knowledge of background

contributions, expected to scale with statistics

• D is reconstructed in a three-body self-conjugated final state
• Powerful input to the overall determination of  γ
• Need good description of  strong phase difference &'

• Current inputs taken from CLEO-c  (current syst ~ 2∘)
• Future BESIII and LHCb charm inputs are vital
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Implications for the Unitarity Triangle

MB, Buras (2018)

tension currently at the 2� level

may become significant with improved experimental precision in �

7 M.Blanke Status and prospects of CP violation in Beauty

M. Blanke 

Indirect determination of �

Constraint on � from the UT analysis MB, Buras (2016), (2018)

� determined indirectly from length Rt /
p
�Md/�Ms

recent results for ratio ⇠ of relevant hadronic matrix elements:

lattice QCD

Fermilab Lattice/MILC Bazavov et al. (2016)

⇠ = 1.206± 0.019 ‚ � = (63.0± 2.1)�

RBC/UKQCD Boyle et al. (2018)

⇠ = 1.1853± 0.0054+0.0116
�0.0156 ‚ � = (60.7± 1.5)�

QCD sum rules King, Lenz, Rauh (2019)

⇠ = 1.2014+0.0065
�0.0072 ‚ � = (62.5± 0.9)�

‚ deviation from tree level value signals NP in �Md and/or �Ms

6 M.Blanke Status and prospects of CP violation in Beauty

CP violation in tree-level decays: B ! DK

CP asymmetry in B ! DK measures � = arg

✓
�
VudV ⇤

ub

VcdV ⇤
cb

◆

only UT angle that can be determined from tree level decays

‚ insensitive to NP contributions

impressive precision achieved by LHCb: � =
�
74.0+5.0

�5.8

��
LHCb (2018)

experimental prospects (LHCb & Belle II): precision < 1� expected!

practically free from theory uncertainties Brod, Zupan (2013)

5 M.Blanke Status and prospects of CP violation in Beauty
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Flavour Physics and CKM - neutral meson mixing

Experiment ⇡ CKM ⇥ non-perturbative⇥ (PT+kinematics)
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Figure 8: The optimised angular observables in bins of q2, determined from a maximum likelihood
fit to the data. The shaded boxes show the SM prediction taken from Ref. [14].
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Figure 6.2: The predicted constraints on the indirect CP 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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Figure 6.3: The estimated constraints for LHCb Upgrade II on �, |q/p| from the combination of
the analyses in the previous section (red) compared to the current world-average precision [25]
(light blue).

with new physics sensitive loop processes or those with exchange diagrams where larger SM
contributions are expected. The precision study of modes containing neutral particles will be
opened up by the proposed calorimeter of Upgrade II.

Direct CP violation e↵ects in the charm system could be larger than those in indirect CP
violation, and Upgrade II will be able to characterise the direct CP sources. Alternatively CP
violation e↵ects may be very small and Upgrade II will be needed to probe them. In either
scenario the experiment will have a strong programme in this field.
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with new physics sensitive loop processes or those with exchange diagrams where larger SM
contributions are expected. The precision study of modes containing neutral particles will be
opened up by the proposed calorimeter of Upgrade II.

Direct CP violation e↵ects in the charm system could be larger than those in indirect CP
violation, and Upgrade II will be able to characterise the direct CP sources. Alternatively CP
violation e↵ects may be very small and Upgrade II will be needed to probe them. In either
scenario the experiment will have a strong programme in this field.
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•  Precision measurements to scrutinize the Standard Model 
•  Precision measurements only way to reach very high mass scales 
•  Precision measurements are not yet precise enough 
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Figure 10.2: Evolving constraints in the ⇢̄ � ⌘̄ plane from LHCb measurements and lattice QCD calcula-
tions, alone, with current inputs (2018), and the anticipated improvements from the data accumulated by
2025 (23 fb�1) and 2035 (300 fb�1), taking the values given in Table 10.1. The hadronic parameter ⇠ is
a necessary input in the determination of the side opposite � and is assumed to be calculated with a
precision of 0.6% and 0.3%, in 2025 and 2035, respectively [614]. In the future projections the central
values of the inputs have been adjusted to provide internal consistency.
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Backup 
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Recommendations (physics) 

•  Magnet side stations 
–  Improvement of mass resolution? 

–  Track efficiency and computing time? 

–  Check Geant parameters for low-p 

•  TORCH 
–  Physics study with degraded performance 

–  Effect on channels that do not use TORCH 

•  Mighty tracker 
–  Re-evaluate target occupancy (2% ?) 

–  Optimal z spacing? 

–  Develop more realistic detector description, inc services 

•  MUON shielding 
–  Efficiency for high-impact physics channels 

–  Faster electronics to counter deadtime 

–  Loss in physics when removing HCAL 
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LHCb-INT-2019-011
April 5, 2019

Recommendations from Upgrade Ib
Review

J. Albrecht1, F. Blanc2, M. Charles3, C. Fitzpatrick4, M. Needham5, C. Parkes4,6,
G. Passaleva4,7, P. Perret8, E. Thomas4, U. Uwer9, V. Vagnoni10, D. Websdale11,

G. Wilkinson12

1 Technische Universität Dortmund, Dortmund, Germany
2 EPFL, Lausanne, Switzerland

3 LPNHE, Sorbonne Université, Paris, France
4 CERN, Geneva, Switzerland

5 University of Edinburgh, Edinburgh, UK
6 University of Manchester, Manchester, UK

7 INFN Sezione di Firenze, Firenze, Italy
8 Clermont Université - CNRS/IN2P3 - Laboratoire de Physique Corpusculaire - Aubière Cedex - France

9 Heidelberg University, Heidelberg, Germany
10 INFN Sezione di Bologna, Bologna, Italy
11 Imperial College London, London, UK

12 University of Oxford, Oxford, UK

.

Abstract
A number of proposals have been made for the consolidation and enhancement of

LHCb during LS3. The following proposals have been considered by the Upgrade 2

Planning Group (U2PG) and designated reviewers: low momentum particle tracking

through the addition of tracking stations at the sides of the magnet; low momentum

particle identification through time-of-flight measurements using Cherenkov light in

quartz plates; enhanced downstream tracking through modules combining silicon

pixels and scintillating fibres; and additional shielding to facilitate the operation of

muon identification in Upgrade II. Future steps are identified for all projects and

the recommendations of the review panel are contained in this document.
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Still on the shelf! 
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Analysis Run 1 
2011-2012 

Run 
2015-2016 

2 
2017-2018 

B(s)àµµ ✔ ✔ ✗ 
P5’ ✔ ✗ ✗ 
RK ✔ ✔ ✗ 
RK* ✔ ✗ ✗ 
Rφ, pK, Kππ, π ✗ ✗ ✗ 
RD ✗ ✗ ✗ 
RD* ✔ ✗ ✗ 
Disclaimer: not a complete list; e.g. searches not included 
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Progress 

•  B0 
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Progress 

•  B0
s 
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CP violation in kaons 
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Direct CP violation in K ! ⇡⇡

Observation of direct CP violation in K ! ⇡⇡ NA48, KTeV (2002)

("0/")exp = (16.6± 2.3) · 10�4

reliable SM prediction di�cult due to large cancellation between QCD

and EW penguin contributions

recent progress by lattice QCD RBC/UKQCD (2015)

supported by dual QCD methods Buras, Gérard (2015ff)

current SM prediction Buras, Gorbahn, Jäger, Jamin (2015)

("0/")SM = (1.9± 4.5) · 10�4

‚ New Physics in "0/"? Where else could we see it?

3 M.Blanke Status and prospects of CP violation in Beauty

M. Blanke 
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HL-LHC documents 
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The	need	for	more	precision
# “Imagine	if	Fitch	and	Cronin	had	stopped	at	the	1%	level,	
how	much	physics	would	have	been	missed”

– A.Soni

# “A	special	search	at	Dubna was	carried	out	by	Okonov and	
his	group.	They	did	not	find	a	single	KL0→π+π– event	
among	600	decays	into	charged	particles	(Anikira et	al.,	
JETP	1962).	At	that	stage	the	search	was	terminated	by	
the	administration	of	the	lab.	The	group	was	unlucky.”

– L.Okun
(remember:	B(KL0→π+π–)	~	2	10–3)

ICHEP	2016	-- I.	Shipsey 58 



Intermezzo: Effective couplings 

•  Historical example 
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GF

2
=

g2

8MW
2

•  Both are correct, depending on the energy scale you consider 
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Intermezzo: Effective couplings 

•  Historical example 
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•  Analog: Flavour-changing neutral current 
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Intermezzo: Effective couplings 

•  Effective coupling can be of various “kinds” 
–  Vector coupling:   C9 

–  Axial coupling:   C10 

–  Left-handed coupling (V-A): C9-C10 

–  Right-handed (to quarks):  C9’, C10’, … 

–  … 
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Furthermore, in inclusive semi–leptonic decays of heavy quarks QCD corrections resulting

from real gluon emission can be calculated perturbatively. These issues are discussed by

Neubert in a separate chapter in this book.

The non–leptonic decays such as K → ππ or B → DK are more complicated to

analyze and to calculate because the factorization of a given matrix element of a four–

fermion operator into the product of current matrix elements is no longer true. Indeed

now the gluons can connect the two quark currents (fig. 10c), and in addition the diagrams

of fig. 10d contribute. The breakdown of factorization in non–leptonic decays is present

both at short and long distances simply because the effects of strong interactions are

felt both at large and small momenta. At large momenta, however, the QCD coupling

constant is small and the non–factorizable contributions can be studied in perturbation

theory. In order to accomplish this task, one has to separate first short distance effects

from long distance effects. This is most elegantly done by means of the operator product

expansion approach (OPE) combined with the renormalization group. In order to discuss

these methods we have to say a few words about the effective field theory picture which

underlies our discussion presented so far.

2.5.2 Effective Field Theory Picture

The basic framework for weak decays of hadrons containing u, d, s, c and b quarks is the

effective field theory relevant for scales µ ≪ MW ,MZ ,mt. This framework, as we have

seen above, brings in local operators which govern “effectively” the transitions in question.

From the point of view of the decaying hadrons containing the lightest five quarks this is

the only correct picture we know and also the most efficient one for studying the presence

of QCD. Furthermore it represents the generalization of the Fermi theory as formulated

by Sudarshan and Marshak [21] and Feynman and Gell-Mann [22] forty years ago.

Indeed the simplest effective Hamiltonian without QCD effects that one would find

from the first diagram of fig. 11 is (see (2.14))

H0
eff =

GF√
2
VcbV

∗
cs(c̄b)V −A(s̄c)V −A , (2.51)

where GF is the Fermi constant, Vij are the relevant CKM factors and

(c̄b)V −A(s̄c)V −A ≡ (c̄γµ(1 − γ5)b)(s̄γµ(1 − γ5)c) = Q2 (2.52)

is a (V −A) · (V −A) current-current local operator usually denoted by Q2. The situation

in the Standard Model is, however, more complicated because of the presence of additional

interactions which effectively generate new operators. These are in particular the gluon,

photon and Z0-boson exchanges and internal top contributions as we have seen above.

Some of the elementary interactions of this type are shown this time for B decays in fig. 11.

Consequently the relevant effective Hamiltonian for B-meson decays involves generally

several operators Qi with various colour and Dirac structures which are different from Q2.

Moreover each operator is multiplied by a calculable coefficient Ci(µ):

Heff =
GF√

2
VCKM

∑

i

Ci(µ)Qi, (2.53)

20See e.g. Buras & Fleischer, hep-ph/9704376 

•  Analog: Flavour-changing neutral current 
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CP violation in beauty:  Asl 

•  Is there CP violation in mixing in B(s) system? 

–  q, p “quantify” CP eigenstates 

–  If |q/p|≠1 then  
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B0
s

B̄0
s

t

t

WW

b

s

s

b

BH = p B0 − q B0  

Asl =
Γ(B

0
→ f )− Γ(B0 → f )

Γ(B
0
→ f )+Γ(B0 → f )

=
1− q / p

4

1+ q / p
4
=
ΔΓ
Δm
tanφΓ/M

Prob B
0
→ B0( ) ≠ Prob B0 → B

0( )
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CP violation in beauty:  Asl 
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Table 5.1: Current theoretical and experimental determinations of the semileptonic asymmetries
ad

sl
and as

sl
.

Sample (L) �as
sl
[10�4] �ad

sl
[10�4]

Run 1 (3 fb�1) [210,211] 33 36
Run 1-3 (23 fb�1) 10 8
Run 1-3 (50 fb�1) 7 5
Run 1-5 (300 fb�1) 3 2
Current theory [34,200] 0.03 0.6
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Figure 5.2: Current and future landscape for the semileptonic asymmetries. The grey vertical
band indicates the current B-Factory average for ad

sl
[25]. The blue ellipse represents the current

LHCb Run 1 measurements [210,211]. The red ellipse, which is arbitrarily centred, delineates
the Upgrade II projected precision. The black ellipse shows the SM prediction, the uncertainty
of which is barely visible with these axes.

In summary the Upgrade II dataset should allow both asymmetries to be measured to the level of
a few parts in 10�4, as listed in Table 5.1, which will give unprecedented new physics sensitivity,
and is still far from saturating the current theory uncertainties in the SM predictions. Figure 5.2
shows the prospective Upgrade II measurement, arbitrarily centred at a value that di↵ers from
the SM prediction at the 10�3 level.

5.3 Lepton-flavour universality tests with b ! cl⌫ transitions

5.3.1 R(D) and R(D⇤) with muonic and hadronic ⌧ decays

LHCb has made measurements of R(D(⇤)) using both muonic (⌧+ ! µ+⌫⌫) and hadronic
(⌧+ ! ⇡+⇡�⇡+⌫) decays of the tau lepton [215–217]. Due to the presence of multiple neutrinos
these decays are extremely challenging to measure. The measurements rely on isolation techniques
to suppress partially reconstructed backgrounds, B meson flight information to constrain the
kinematics of the unreconstructed neutrinos, and a multidimensional template fit to determine the
signal yield. Figure 5.3 shows how the absolute uncertainties on the LHCb muonic and hadronic
R(D⇤) measurements are projected to evolve with respect to the current status. The major
uncertainties are the statistical uncertainty from the fit, the uncertainties on the background
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LHCb = more than flavour 
                         pdfs, jets, heavy-ion, EW, exotic states… 
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Figure 2: (top left) Two-dimensional SV-tag BDT distribution and (top right) fit for events in
the subsample with pT(µ)/pT(jµ) > 0.9, projected onto the (bottom left) BDT(bc|udsg) and
(bottom right) BDT(b|c) axes. Combined data for

p
s = 7 and 8 TeV for both muon charges are

shown.

against other jet types. The SV track multiplicity identifies b jets well, since b-hadron
decays typically produce many displaced tracks. In Fig. 4, the distributions of Mcor and
SV track multiplicity for a subsample of SV-tagged events with BDT(bc|udsg) > 0.2 (see
Fig. 2) are fitted simultaneously. The templates used in these fits are obtained from data

7

Impact of existing LHCb results on PDFs

Many LHCb 7 TeV results on electroweak boson production now
included in PDF fits.
Large impact on pre-LHC PDF knowledge.

Shown here NNPDF down quark PDF and uncertainties (normalised
so central value pre-LHC is unity):

I Green: PDF fit using HERA data
I Blue: PDF fit using HERA data and 7 TeV LHCb data

W. Barter (CERN) Electroweak Production Physics at LHCb 27/10/2015 10 / 52

Asymmetries in Z boson decays

W. Barter (CERN) Electroweak Production Physics at LHCb 27/10/2015 47 / 52

In practice resonances decaying strongly into J/ p must have a minimal quark content
of ccuud, and thus are charmonium-pentaquarks; we label such states P+

c , irrespective of
the internal binding mechanism. In order to ascertain if the structures seen in Fig. 2(b)
are resonant in nature and not due to reflections generated by the ⇤⇤ states, it is necessary
to perform a full amplitude analysis, allowing for interference e↵ects between both decay
sequences.

The fit uses five decay angles and the K�p invariant mass mKp as independent variables.
First we tried to fit the data with an amplitude model that contains 14 ⇤⇤ states listed by
the Particle Data Group [12]. As this did not give a satisfactory description of the data,
we added one P+

c state, and when that was not su�cient we included a second state. The
two P+

c states are found to have masses of 4380± 8± 29 MeV and 4449.8± 1.7± 2.5 MeV,
with corresponding widths of 205± 18± 86 MeV and 39± 5± 19 MeV. (Natural units are
used throughout this Letter. Whenever two uncertainties are quoted the first is statistical
and the second systematic.) The fractions of the total sample due to the lower mass and
higher mass states are (8.4± 0.7± 4.2)% and (4.1± 0.5± 1.1)%, respectively. The best fit
solution has spin-parity JP values of (3/2�, 5/2+). Acceptable solutions are also found
for additional cases with opposite parity, either (3/2+, 5/2�) or (5/2+, 3/2�). The best
fit projections are shown in Fig. 3. Both mKp and the peaking structure in mJ/ p are
reproduced by the fit. The significances of the lower mass and higher mass states are 9
and 12 standard deviations, respectively.
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Figure 3: Fit projections for (a) mKp and (b) mJ/ p for the reduced ⇤⇤ model with two P+
c states

(see Table 1). The data are shown as solid (black) squares, while the solid (red) points show the
results of the fit. The solid (red) histogram shows the background distribution. The (blue) open
squares with the shaded histogram represent the Pc(4450)+ state, and the shaded histogram
topped with (purple) filled squares represents the Pc(4380)+ state. Each ⇤⇤ component is also
shown. The error bars on the points showing the fit results are due to simulation statistics.
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for additional cases with opposite parity, either (3/2+, 5/2�) or (5/2+, 3/2�). The best
fit projections are shown in Fig. 3. Both mKp and the peaking structure in mJ/ p are
reproduced by the fit. The significances of the lower mass and higher mass states are 9
and 12 standard deviations, respectively.
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Figure 3: Fit projections for (a) mKp and (b) mJ/ p for the reduced ⇤⇤ model with two P+
c states

(see Table 1). The data are shown as solid (black) squares, while the solid (red) points show the
results of the fit. The solid (red) histogram shows the background distribution. The (blue) open
squares with the shaded histogram represent the Pc(4450)+ state, and the shaded histogram
topped with (purple) filled squares represents the Pc(4380)+ state. Each ⇤⇤ component is also
shown. The error bars on the points showing the fit results are due to simulation statistics.
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