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Overview
Mixing
I Mixing in neutral mesons: mass 6=flavor eigenstates

I |D1,2i = p|D0i ± q|D0i, |p|2 + |q|2 = 1

I x = m2�m1
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D0 ! K±⇡⌥

I RS decays: dominated by
Cabibbo favored decay

I WS decays: two routes
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This Measurement [1]
I Charm decay reconstruction
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I Search for mixing and CPV using decay chain
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I Doubly Tagged: µ� and ⇡+
S tag the D0 at production

I Extremely clean

I Complements prompt D⇤+ ! D0⇡+
s measurement [3]

Goals:

I Measure WS(t)±/RS(t)±

using DT sample only

I Combined fit with prompt
result

Fit Variations

I No CPV: R+
D = R�

D ,
y 0+ = y 0�, (x 0+)2 = (x 0�)2

I No Direct CPV: R+
D = R�

D

I All CPV allowed: all
parameters free

Inclusion of Detector E↵ects

I Incorporate detector e↵ects, backgrounds

Robs± = R(t)±(1 � �±
p )
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⌘±1
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other
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K⇡ Detection
E�ciency

Double MisID,
other peaking

Expectations

Theoretical Expectations
I Mixing at 1 loop level in SM, GIM and CKM suppressed

I Long-range e↵ects may dominate short-range interactions,
di�cult to calculate

I Short- and long-range calculations: x , y . 0.5%

I CPV expected to be O(10�3) in SM [4, 5, 6, 7]

I Any enhancement could be New Physics

Experimental Expectations

I From pseudo-experiments,
statistics alone will reduce
errors on RD, y 0 by 17% and
15%

I Gain comes from low
decay-time lever arm
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Selection

I Kinematically constrain daughter K , ⇡ to same vertex,
constrain µ, ⇡S and D0 to come from same vertex

I Veto candidates which appear in both Prompt and DT
samples

I Subtract random muon and
muon mistag shape using
B ! µ+D⇤+X
(Unphysical “Same Sign”
sample)

I Scale to sideband in each
decay time bin ]2)[MeV/c-µ*+ m(D
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I Gauge systematic uncertainty by setting scaling factor to 1

These requirements set �±
p = 0

Yield Extraction
I Binned Maximum Likelihood Fit

I Signal: 3 Gaussian Core + 1 Johnson SU [8]

I Background: Empirical shape

I Strategy: Fit full RS sample, fix signal shape, fit RS and WS
in each of 5 decay time bins
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I DT = ⇠ 3% of Prompt

NRS = 1.7M NWS = 6.7K

[1]

Detection Asymmetries

AK⇡ =
✏(K+⇡�) � ✏(K�⇡+)

✏(K+⇡�) + ✏(K�⇡+)

⇡ A(K 0
S⇡)raw � A(K⇡⇡)raw � A(K

0
) + AMuon Trigger

[9, 10]

I A(K
0
) = �(0.05 ± 0.01)% from [9]

I AMuon Trigger directly from DT data

I To cancel D± production asymmetry, must weight samples
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A(K⇡) = [0.90 ± 0.18 ± 0.10]%

Peaking Backgrounds

I Divide low and high D0 sidebands into 6 regions each

I Fit m(D⇤) in each bin, extract the number of peaking events

I Project into signal region, extract number of peaking events.
Total: 128 ± 31

I Integrated over decay time due to limited statistics

I Fraction of doubly misidentified D0 to RS yield:
(7.4 ± 1.8) ⇥ 10�5 ⌘ pother

CPV Fit Strategy

I Fit by minimizing
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X
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Systematic Uncertainties

the inelastic cross-sections of K� and ⇡� mesons with matter, and those of their their
antiparticles. We measure ✏r, accounting for all detector e�ects as well as cross-section
di�erences in a similar manner to the prompt analysis [1]. The e�ciency is determined using
the product of D+ ! K�⇡+⇡+ and D+ ! K0

S (! ⇡+⇡�)⇡+ decay yields divided by the
product of the corresponding charge-conjugate decay yields. The expected CPV associated
with di�ering K0 ! K0

S and K0 ! K0
S rates and the di�erences in neutral kaon inelastic

cross-sections with matter are accounted for [15]. Trigger and detection asymmetries
associated with the muon candidates are calculated directly from data and included in
the determination. The 1% asymmetry between D+ and D� production rates [16] cancels
in this ratio, provided that the kinematic distributions are consistent across samples. To
ensure this cancellation, we weight the D+ ! K�⇡+⇡+ candidates such that the kaon pT

and � and pion pT distributions match those in the DT K⇡ sample. Similarly, D+ ! K0
S⇡

+

candidates are weighted by D+ pT and � and pion pT distributions to match those of
the D+ ! K�⇡+⇡+. The weighting is performed using a gradient boosted decision tree
implemented in scikit-learn [17] accessed using the hep ml framework [18]. We measure
the K⇡ detection asymmetry to be (✏r �1)/(✏r +1) = (0.90±0.18±0.10)% for the sample
of this analysis, and find it to be independent of decay time.

Table 1: Summary of systematic uncertainties for the DT analysis for each of the three fits
described in the text.

Source of systematic uncertainty Uncertainty on parameter

No CPV
RD[10�3] y�[10�3] x�2[10�4]

D�+µ+ scaling 0.01 0.04 0.04
A(K⇡) time dependence 0.01 0.07 0.04
RS fit model time variation 0.00 0.01 0.03
No prompt veto 0.01 0.16 0.09
Total 0.01 0.18 0.11

No direct CPV

RD[10�3] y�+[10�3] (x�+)
2
[10�4] y��[10�3] (x��)

2
[10�4]

D�+µ+ scaling 0.01 0.04 0.04 0.03 0.04
A(K⇡) time dependence 0.01 1.17 0.98 1.64 1.67
RS fit model time variation 0.00 0.02 0.03 0.01 0.03
No prompt veto 0.01 0.11 0.00 0.19 0.19
Total 0.01 1.17 0.98 1.66 1.68

All CPV allowed

R+
D[10�3] y�+[10�3] (x�+)

2
[10�4] R�

D[10�3] y��[10�3] (x��)
2
[10�4]

D�+µ+ scaling 0.01 0.03 0.04 0.01 0.04 0.04
A(K⇡) time dependence 0.06 0.25 0.03 0.07 0.28 0.03
RS fit model time variation 0.00 0.01 0.01 0.00 0.04 0.05
No prompt veto 0.01 0.09 0.01 0.01 0.21 0.19
Simulated DT coverage 0.00 0.18 0.30 0.00 0.18 0.33
Total 0.06 0.32 0.31 0.07 0.40 0.38
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A(K⇡) time dependence

I Find variation in
RS�/RS+ ratio

I Consistent with flat line
at p = 0.06

I Assess systematic
uncertainty by adding
decay-time variation to
A(K⇡)
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Table 2: Fitted parameters of the DT sample. The first uncertainties include the statistical
uncertainty, as well as the peaking backgrounds and the K� detection e�ciency, and the second
are systematic.

Parameter Value

No CPV

RD[10�3] 3.48± 0.10± 0.01

x�2[10�4] 0.28± 3.10± 0.11

y�[10�3] 4.60± 3.70± 0.18

�2/ndf 6.3/7

No direct CPV

RD[10�3] 3.48± 0.10± 0.01

(x�+)
2
[10�4] 1.94± 3.67± 1.17

y�+[10�3] 2.79± 4.27± 0.98

(x��)
2
[10�4] �1.53± 4.04± 1.68

y��[10�3] 6.51± 4.38± 1.66

�2/ndf 5.6/5

All CPV allowed

R+
D[10�3] 3.38± 0.15± 0.06

(x�+)
2
[10�4] �0.19± 4.46± 0.32

y�+[10�3] 5.81± 5.25± 0.31

R�
D[10�3] 3.60± 0.15± 0.07

(x��)
2
[10�4] 0.79± 4.31± 0.38

y��[10�3] 3.32± 5.21± 0.40

�2/ndf 4.5/4

the fit variations as for the DT fit. These systematics are reported in Table 4. In general,
the uncertainties from the combined fits are 10% – 20% lower than those from the previous
measurement [1]. The decrease in the uncertainty comes from the improved precision that
the DT sample provides at low D0 decay time. The corresponding correlation matrices
are given in Appendix B.

The combined fit of the DT and prompt sample is consistent with CP symmetry. The
WS D0 and D0 rates at t/⌧ = 0 are equal within experimental uncertainties, indicating
no direct CP violation. Similarly, the mixing rates are consistent within experimental
uncertainties, as seen in the bottom plot of Fig. 3. In the combined fit of this analysis,
assuming no direct CP violation, the di�erence between the projected WS/RS rates at
t/⌧ = 6.0 is only 0.15 ⇥ 10�3 (see the dash-dot line in the bottom plot of Fig. 3), where
the WS/RS rates themselves have increased by about 2.5 ⇥ 10�3 (see the top and middle
plots).

The determination of the CPV parameters |q/p| and � from the di�erence in rates of
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fitting the disjoint datasets of the two analyses improves the precision of the measured
parameters by 10% – 20%, even though the DT analysis is based on almost 40 times fewer
candidates than the prompt analysis. In part, this results from much cleaner signals in
the DT analysis, and, in part, it results from the complementary higher acceptance of
the DT trigger at low D decay times. The current results supersede those of our earlier
publication [1].

Table 3: Simultaneous fit result of the DT and prompt samples. The prompt-only results from [1]
are shown on the right for comparison. Statistical and systematic errors have been added in
quadrature.

Parameter DT + Prompt Prompt-only

No CPV

RD[10�3] 3.533 ± 0.054 3.568 ± 0.067

x�2[10�4] 0.36 ± 0.43 0.55 ± 0.49

y�[10�3] 5.23 ± 0.84 4.8 ± 0.9

�2/ndf 96.6/111 86.4/101

No direct CPV

RD[10�3] 3.533 ± 0.054 3.568 ± 0.067

(x�+)
2
[10�4] 0.49 ± 0.50 0.64 ± 0.56

y�+[10�3] 5.14 ± 0.91 4.8 ± 1.1

(x��)
2
[10�4] 0.24 ± 0.50 0.46 ± 0.55

y��[10�3] 5.32 ± 0.91 4.8 ± 1.1

�2/ndf 96.1/109 86.0/99

All CPV allowed

R+
D[10�3] 3.474 ± 0.081 3.545 ± 0.095

(x�+)
2
[10�4] 0.11 ± 0.65 0.49 ± 0.70

y�+[10�3] 5.97 ± 1.25 5.1 ± 1.4

R�
D[10�3] 3.591 ± 0.081 3.591 ± 0.090

(x��)
2
[10�4] 0.61 ± 0.61 0.60 ± 0.68

y��[10�3] 4.50 ± 1.21 4.5 ± 1.4

�2/ndf 95.0/108 85.9/98
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Introduction

▸ A reminder

Run 2 LS2 Run 3 LS3 Run 4 LS4

2019 2021 2024 2027 2030

Install LHCb
Upgrade I

LHCb
Upgrade Ib
opportunity

Install LHCb
Upgrade II

LHCb Upgrade I

HL LHC

Recall, lead shashlik calorimeter with three regions: inner, middle and outer, with 
current cell size 4 x 4 cm2,6 x 6 cm2 and 12 x 12 cm2, within modules of 12 x 12 cm2.

Even at Upgrade-I performance will degrade – studies performed for PID TDR 
show that some of loss can be recovered for high pT rad. Penguins,  but presumably 
not the case for other physics objects.  And radiation damage will afflict inner region.
Main problems: 

- shower separation → degraded resolution & loss in efficiency finding objects
- increased number of candidates → high combinatoric background

LHCb ECAL - reminder

3

▸ Upgrade Ib gives the opportunity to partially replace ECAL
▸ Provides important input into Upgrade II detector
▸ Simulation studies must be performed to help evaluate possible new detector

capabilities
A. Davis Overview on Calorimeter Simulation for Upgrade Ib/II 1 / 10



Upgrade Ib/II environment

▸ Occupancy in ECAL will increase
dramatically

▸ Resolution will degrade

▸ Can change material (smaller Molière
radius) and change cell size

▸ Clusterization techniques can get you
so far (e.g. 2×2, swiss cross)

▸ Can timing help to resolve the
remaining ambiguities?

▸ Many complex considerations beyond
this simple picture

δt
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Setting the stage

▸ Example: π0 mass resolution as a function of PV in Run II simulation (from
UpgradeII EOI)
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Figure 4.11: Reconstructed resolved ⇡0 candidates in Run-2 minimum-bias data, divided into sub-samples
with di↵erent numbers of reconstructed primary vertices (NPV). The mass resolution and signal-to-
background ratio (S/B) is indicated for each sub-sample. The selection requires pT(�) > 300 MeV/c and
pT(⇡0) > 550 MeV/c.

Table 4.3: Resolutions in MeV/c2 on the ⇡0 mass as determined from true ⇡0 ! �� decays in LHCb
simulation, where the photons are subjected to Gaussian smearing on the energy resolution of the form
�E/E = �S/

p
E(GeV)� �C . Results are shown for the case where the spatial information on the photon

impact point is obtained from current cluster information, and with perfect knowledge.

Spatial information Perfect spatial
from clusters knowledge

�C �C

�S 1% 2% 1% 2%

7% 7.5 8.2 4.2 5.2
10% 8.5 9.3 5.5 6.5
15% 10.5 11.3 8.0 8.9

Candidate technologies for the Phase-II ECAL

A suitable technology to meet the challenging requirements of the Phase-II ECAL is a modular
sampling-calorimeter based on a tungsten or tungsten-alloy absorber. It should be around 25 X0

in depth, as is the current detector, in order to contain the electromagnetic showers induced by
particles from b-hadron decays, and hence will be significantly thinner in longitudinal extent

35

▸ Already see degradation of S/B, as well as resolution
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One example of timing

▸ Association of clusters to PV benefits from timing

▸ Example: 50 interactions per bunch crossing(a)
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Figure 4.13: Impact of timing information on assigning ECAL clusters to PVs: (a) number of incorrect
vertices passing selection; (b) e�ciency of selection vs. number of incorrect vertices.

the first steps of which are outlined in Sec. 5.5. The choice of scintillator will be made after a
careful evaluation of the possible e↵ects of radiation. One possible geometry is to embed the
wavelength shifters in chamfers at the corner of the cells, thereby avoiding the need to drill holes
in the tungsten plates. Such an approach, based on the pioneering work described in Ref. [120]
is sketched in Fig. 4.14(a). Another interesting possibility is to dispense with wavelength shifters
and employ clear light-guides to improve the resultant photon yield. These light guides could be
constructed of quartz to improve the radiation hardness of the module. This solution is shown
schematically in Fig. 4.14(b).

Modules constructed of small tungsten cells, and containing silicon planes, are expected to
be rather robust against radiation damage. The exact sampling ratio of the cells need to be
studied, such that this robustness is optimised whilst at the same time satisfying the resolution
requirements discussed above. It may be necessary to plan for the replacement of the innermost
modules after a couple of years of data taking. This operation will be relatively straightforward
in LHCb thanks to the detector’s open geometry, although dedicated tooling will need to be
developed.

Hadron calorimeter

The primary purpose of the Hadron Calorimeter (HCAL) is to give input to the hardware-trigger
decision in the current detector, and also the so-called LLT (low level trigger) of the Phase-I
Upgrade. However the LLT is only expected to be required in the early years of Run 3, when
the HLT is still being commissioned, and hence the HCAL can be removed after this period. As
described in Sec. 4.3.4, the liberated space can be used for augmenting the muon filter.

4.3.4 Muon system

The muon system for the Phase-I Upgrade will consist of four stations, labelled M2 through to
M5, equipped with MWPCs. Station M2 is located directly behind the calorimeter and the other
three stations are embedded in the muon filter, as shown in Fig. 4.15. Each station is divided

37

▸ Mean number of incorrect primary vertices giving rise to background hits reduced
to 1.1 for three planes with 20 ps timing resolution
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Multifold Simulation Approach

▸ Simultaneous development in two directions:
▸ Full simulation in Geant 4
▸ Fast simulation using Delphes

▸ Fast and full simulation have a symbiotic relationship

▸ Pushing both projects at once is of utmost importance
▸ Main questions to answer:

▸ How does performance scale with occupancy?
▸ How does timing influence the ability to separate signal

from background, especially given HL-LHC
environment?

▸ What detector granularity and response maximizes the
physics output while minimizing the cost?

▸ Goal: Dream big, understand limitations quickly

Geant Delphes

Accurate
parameterization of

timing response, shower
development and energy

deposition

Fast feedback on
physics response
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Geant4 Studies

▸ Use work by F. Dettori et al. as a starting point

▸ Reproduce results: change calorimeter material to W.
From M. Röhrken

▸ Goal: have generic framework to easily interchange
between detector configurations at full simulation level

1. Implement Gauss level cross-checks for compatibility
between fast/full simulation

2. Provide clusterization independent of digitization
conditions

3. Implement generic digitization for more accurate
representation of entire software chain

▸ Next steps
▸ Have comparison for spacial and energy resolution as a

function of detector type
▸ Have comparison from single-particle level to complete

physics event output with fast simulation

▸ Imperative for tuning of fast simulation
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Delphes Simulation

▸ Delphes is a fully parameterized detector simulation

▸ Use work by B. Siddi with Delphes as a starting point
▸ Start with HepMC particles produced by Gauss
▸ Propagate charged particles through LHCb magnetic

field
▸ Apply efficiency and resolution tunings to match full

simulation
▸ Write protoparticles directly to the TES

▸ Extension to neutral protoparticles straightforward

▸ Use Delphes calorimeter towers as building blocks to
make current LHCb calorimeter as proof of principle

▸ Parameterize energy deposits in neighboring cells

▸ Next steps: Have full chain tested using B0
s → φγ

Energy Resolution:σ(E) = α
E ⊕ β
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Future plans

▸ With full and fast simulations at hand, begin comparing physics output for
different use cases

▸ Define benchmark physics comparison cases, to name a few

Channel Use Case

π0 inclusive test merged/resolved π0 resolution

B0
s → φγ,φ→ K+K− single γ resolution studies

Ke+e− aka R(K) di-electron, higher momentum

Ds → φπ,φ→ e+e− di-electron, lower momentum

B+ → K+π0 single π0, high momentum

D∗0 → D0π0,D0 → K−π+ single π0, low momentum

▸ Goal: Provide meaningful metrics to help advise on detector choices
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Further down the road

▸ Possible applications of ML techniques to inform
▸ Enhanced cluster reconstruction
▸ Detector layout optimization

▸ From A. Ustyuzhanin

Muon Shield Design Case (an example)

- Bayesian optimization: “designed” magnets, that are 25% lighter
- Used metrics, which combines both cost (weight) and physics 
performance (muon background).

Andrey Ustyuzhanin 13

http://iopscience.iop.org/article/10.1088/1742-
6596/934/1/012050/meta

Cluster reconstruction with ML

Andrey Ustyuzhanin 14

▌ Well-understood problem:

› Energy Resolution, Particle Identification
▌ Things to undestand:

› Additional design constraints? Pileup? 
› Physics channels? Are there any baselines? 
› Parametrized detector model (DELPHES/GEANT)?

▌ Challenges:

› Metric that naturally combines physics and cost
› Include Timing
› Is it possible to optimize for design and algorithm simultaneously?

▸ Can something similar be done for the ECAL?

▸ Topics require defined metric

▸ Full and fast simulation maturity is a prerequisite
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Conclusions and looking forward

▸ A lot of work has been done to bring fast and full simulations up to speed
▸ Real work is just beginning, but we are closing in on tackling physics goals

▸ Geant level studies has framework defined. Incorporation of differing geometries next
hurdle

▸ Delphes studies are progressing towards completion
▸ Down the road, possible ML optimization of clusterization and detector design

▸ More help is always welcome
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