PROCEEDINGS

OF SCIENCE

LHCb long term plans beyond the current upgrade.

Frederic Teubert*
CERN, EP department

E-mail: frederic.teubert@cern.ch

HL-LHC can provide up to 2 x 10** Hz cm~? instantaneous luminosity to LHCb without signifi-
cant loses for the other interaction points at the LHC ring, and be able to integrate up to 300 fb~!
before the insertion magnets need replacement. There is a clear and strong physics case for an
LHCb second upgrade (LHCb phase 2 upgrade) during the long shutdown currently scheduled in
2030. Very rare decays, or exotic searches are limited by statistics. Some of the most interesting
CKM measurements are not limited by systematic uncertainties. Some of the improved detec-
tor technologies needed for this second upgrade, and other ideas discussed in these proceedings,
could already be implemented during the long shutdown in 2024-2025 (LHCb phase 1b upgrade).

16th International Conference on B-Physics at Frontier Machines
2-6 May 2016
Marseille, France

*Speaker.
TOn behalf of the LHCb Collaboration.

(© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). http://pos.sissa.it/


mailto:frederic.teubert@cern.ch

LHCD beyond current upgrade Frederic Teubert

1. Introduction

LHCb has been very successful in producing a wealth of physics results from the 3 fb~!
accumulated at RUN-I (2010-2012) spanning from (very) rare decays of B, D, K-mesons and 7-
leptons [1], to precise measurements of CP violating phases in the CKM couplings [2], to the
discovery of new exotic hadrons [3] or even going beyond the original design purpose providing
precise measurements of electroweak observables or searches for new particles in the forward di-
rection. RUN-2 (2015-2018), with its increase in energy provides a proportional increase in heavy
flavor production, effectively doubling the statistics available per unit of luminosity. LHCb ex-
pects to accumulate another ~ 5 fb~! during RUN-2 running at an average luminosity < .Z >
~ 4 x 10°? Hz cm~? and average pileup < p >~ 1. After RUN2, LHCb will upgrade the front-end
electronics (and most of the sub-detectors) to allow for a full readout of the detector at a rate of 40
MHz. This upgrade [4] will allow for a more efficient trigger, in particular in hadronic final states,
and an increase of the instantaneous average luminosity at LHCb by a factor ~ 5, to be able to
accumulate a total of ~ 50 fb~! during RUN-3 (2021-2023) and RUN-4 (2026-2029).

In this time scale Belle-II expects to start data taking by the end of 2018 and to accumulate
50 ab~! after six years. By then, during the Long Shutdown after RUN-3 (LS3), LHC will be
replaced by HL-LHC to be able to increase the instantaneous average luminosity at ATLAS and
CMS to < .Z > ~5x 10%* Hz cm ™2 and < u >~ 140, while these two general purpose detectors
will also be upgraded, not only to deal with the harsher HL-LHC environment, but in some aspects,
to provide an even better performance as for instance b/c-tagging capabilities.

In this context it is natural to consider a second LHCb upgrade after RUN4, i.e. during LS4
(2030), when the first upgrade will have reached its target integrated luminosity and the HL-LHC
will also be capable of providing a much higher instantaneous luminosity. The unique LHCb
acceptance for low transverse momentum (Pr) decay products provides an unmissable opportunity
to maximize the physics output from HL-LHC, which happens to be the highest priority of the
European High Energy Physics Community as described by the European Strategy Update [5].

LHCb is also considering moderate cost improvements to the upgraded detector during LS3
which have the potential to extend the physics capabilities denoted as a "phase 1b" upgrade. Ex-
amples of these potential improvements are:

e replace the Hadronic Calorimeter (HCAL) with a new iron shielding for the muon chambers,
as well as replacing the innermost muon detectors with new technologies.

e replace the innermost Electromagnetic Calorimeter (ECAL) region with new technologies,
as they need to be replaced anyway due to radiation damage.

e replace the innermost SciFi tracker region with a new tracker detector.

e use new technologies such as a TORCH [6] as a new hadron identification detector or as a
fast timing device, perhaps embedded in the ECAL to help with pileup mitigation.

e increase tracking acceptance for low momentum particles by installing tracking stations
along the dipole magnet internal side.
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In the rest of this paper I will focus on the physics case for the LHCb second upgrade during
LS4, the studies made by the HL-LHC experts in terms of performance and protection of the
interaction region and few preliminary studies on what kind of detector modifications would be
required.

2. The physics case

LHCb is designed to reach much lower Pt thresholds than ATLAS or CMS, which allows for a
large acceptance of decay products of relatively light particles. The current LHCb detector, and the
first upgrade during L.S2, have been designed to deal with relatively low pileup (i <5). If a second
upgrade of the LHCb detector is able to absorb much higher pileup £'(50), then an increase of the
instantaneous luminosity by a factor ~ 50 w.r.t. RUN-2 is feasible (see section 3). Very rare decays
of light mesons, T-leptons and searches for exotic new particles are limited by the statistics available
and will certainly benefit of such a significant increase in integrated luminosity. Similarly, some of
the most interesting measurements of the CKM phases are not limited by systematic uncertainties,
and depending on the ability to perform time dependent analysis (see section 4) it could be possible
to reach unprecedented precision in testing the CKM paradigm.

To illustrate the generic argument above, I would like to give a few explicit examples of po-
tentially very interesting measurements:

e The very rare decay B; — ut ™~ has been successfully observed at the LHC, and its branch-
ing ratio measured [7] with a precision of 23% consistent with the SM predictions. The rate
of the decay Bq — pt ™ is suppressed by a factor |V,;/Vis|* in the SM, and no significant
signal has been established as of today. By the end of RUN-4, LHCb (CMS) with ~50 (1000)
fb~! expect to have ~70 (150) B4 and ~650 (1400) B dimuon candidates with S/B ~ 1.5
for B4 and ~ 3 for By decays for both experiments assuming the SM predictions, allowing
for a 40(30)% measurement of the ratio R=#(Bq — u™ = )/%(Bs — utu~). This ratio
(R) is a very powerful tool to constrain the flavor structure of models beyond the SM. LHCb
has a better invariant mass resolution and hadron particle identification capabilities which
allows for a better control of systematic uncertainties. After the LHCb second upgrade with
300 fb~! integrated luminosity and in combination with the expected CMS sensitivity [8]
with 3000 fb~!, we could reach a 14% combined precision in this ratio. Moreover the larger
number of Bg dimuon decays will allow the study of new observables such as the effective
lifetime or CP asymmetries.

e The LHC collider produces an enormous quantity of charm and beauty mesons and subse-
quently of 7 leptons from their decays at a rate (in RUN-1) five orders of magnitude bigger
than at the e e~ B-factories. The luminosity accumulated at the B-factories was three orders
of magnitude bigger than what LHCb accumulated in RUN-I, and the analysis efficiency
and background levels at LHCb are worse compensating for the much larger production
rate. Nonetheless, LHCb has produced limits [9] with RUN-I data (~ 10'!7) on the process
7+ — utp~u* very close to the ones obtained by BaBar and Belle (~ 10°7) [10], resulting
in a world average of Z(1* — utu~u*) < 1.2 x 107 at 90% C.L. LHCb expects to im-
prove on the B-factories results by the end of RUN-2. In many theories [11] beyond the SM it
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is quite possible to expect this branching ratio to be in the region (1072 —10~%). Belle-II will
be exactly covering this region of sensitivity when accumulating up to 50 ab~!. If a signal
is seen by Belle-II, a phase-2/second upgrade of LHCb with 300 fb~! integrated luminosity
will be the only possibility to confirm with an independent experiment such a discovery, or
if the search is negative to improve the limits by combining Belle-II and LHCb results.

e The SM does not predict the values of the CKM couplings, they all need to be measured
experimentally. If we assume NP is mostly affecting measurements in loop-dominated pro-
cesses, a precise measurement of the phase of V,;, (to a very good approximation equivalent
to 7 in the unitary triangle) is required to be used as SM reference value in comparisons with
loop-dominated measurements. The uncertainty in y after RUN4 is expected to reach ~ 0.9°
mainly using time-independent analysis of B — DX decays where loop contributions and
theoretical uncertainties are negligible. With LHCb second upgrade (300 fb~') and using all
available modes this uncertainty is reduced to ~ 0.4°, which will provide a very stringent
test of new phases contributing in B4 decays.

e If time-dependent analyses are possible with a pileup &'(50), then a precise measurement
of the phase of Vi (to a very good approximation equivalent to ¢, in the unitary triangle)
is possible at an LHCb second upgrade. The uncertainty on ¢, after RUN4 is expected to
reach 9 mrad using mainly the time-dependent analysis of the decay By — J/y¢. If new
phases are affecting differently By and By mixing it could very well be that a comparison
of loop-dominated processes in Bg and By mixing with tree level measurements provides
a different picture. With an LHCb second upgrade (300 fb~'), and including other LHCb
measurements, as well as potential ATLAS and CMS contributions, the uncertainty in ¢; is
expected to be reduced to ~2 mrad.

e Following the first LHCb upgrade in LS3, the detector will be fully readout at 40 MHz
allowing for a very flexible full software trigger. This, in addition to the excellent detector
resolution, opens up new possibilities for searches, like the search for dark photons using the
inclusive dimuon mass spectrum [12]. In Figure 1 one can see the LHCDb potential to look
for such dark photons in the plane of the mass of the dark photon vs the coupling strenght as
described in reference [12]. The improvement from accumulating more luminosity (16, 50,
500 fb~! ) is evident, in particular, in the region below my the sensitivity is much better than
what can be achieved at Belle-I1.

e LHCb has already produced results [13] that shows the ability to identify c-jets vs b-jets. For
instance, for a jet with Py > 20 GeV a c-jet tag efficiency of 6(20)% is achieved for a b-jet
tag efficiency of 1(10)%. If this level of discrimination is maintained in the second upgrade,
the increase of luminosity may compensate for the low LHCb acceptance for Higgs decays,
and there is a very interesting potential to search for Higgs decaying into charm quarks. The
precision achieved on the Higgs Yukawa couplings to charm should be very close to that
required to reach the small values predicted by the SM.
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Figure 1: Bounds on dark photons (A’) mass (x-axis) and coupling (y-axis) compared to the anticipated
LHCD reach for inclusive A’ production in the di-muon channel. The contours assume an integrated lumi-
nosity of: 16, 50, 500 fb~'. This figure is taken from reference [12] where a more detailed description of the
different contributions to this figure can be found.

3. HL-LHC and IRS8

While it is hoped that the previous section has convinced the reader that it is indeed a good
physics opportunity to consider a second upgrade for LHCb, the first questions we need to answer
are if HL-LHC can deliver enough luminosity for a third high luminosity experiment, and if the
Interaction Region where LHCb sits (IR8) can be adapted for such an experiment.

During RUN4 HL-LHC will be delivering a maximum instantaneous luminosity to ATLAS/CMS
(LHCb) of ~ 20(1.1) x 10** Hz cm~2 which will be levelled to an average luminosity of < . >
~5(0.2) x 103 Hz cm~2. If LHCb simply does not level the luminosity, and all the rest of the
HL-LHC parameters are left untouched, then it is expected to increase the annual integrated lumi-
nosity from 10 fb~!/year in RUN4 to 30 fb~!/year in RUNS at LHCb. To go beyond this, the optics
in IR8 need to be changed, namely a reduction of the nominal f*=3m. A scenario with an ini-
tial instantaneous luminosity of ~ 2 x 1034 Hz cm 2 in IR8 with PB*=2m has been studied [14] and
could provide 40 fb~!/year, while going down to *=1m may well be feasible and could potentially
provide up to 70 fb~!/year. In all these scenarios studied the effect of proton burn-off reducing the
luminosity delivered to ATLAS/CMS is found to be negligible at the few percent level.
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IR8 is not designed to host a high luminosity experiment. In particular, one of the most chal-
lenging and costly project of HL-LHC is the design of the much larger aperture (150 mm) inner
triplet magnets for the interaction regions of ATLAS and CMS, as the present ones cannot ac-
cumulate more than ~ 300 fb~! and are a limitation to the maximum instantaneous luminosity.
Preliminary studies have shown that up to these integrated luminosities, without having to replace
the LHCD inner triplet magnets, they can be effectively protected by additional shielding (Target
Absorber of Neutrals, TAN and Long Collimators, TCL) as is the case at ATLAS and CMS. More-
over, the first compensator magnet could be filled with Tungsten and act as Target Absorber of
Secondaries (TAS). Although more work is needed in this area, so far no showstoppers have been
identified [14].

4. The detector challenge

Even though it seems possible for HL-LHC to increase the integrated luminosity delivered
to LHCb to reach 300 fb~!, the LHCb detector will clearly need to be modified to deal with an
instantaneous luminosity of up to 2 x 10’ Hz cm~2 and a pileup of up to g ~ 50. Preliminary
studies have indicated already some possible solutions.

The current design of the Vertex Detector [15] (VELO) for the first upgrade could survive this
level of occupancies by increasing the inner radius from 5 to 11 mm, at the cost of a degradation in
the impact parameter resolution, from 50% to 100% depending on the track pseudorapidity. A bet-
ter solution, from the point of view of physics performance, would be to replace the VELO sensors
with thinner detectors, smaller pixels and new electronics. In average, ~ 13% of B decays will be
mismatched to the wrong PV with an average pileup of pt ~ 50, which will limit the possibilities
to perform time-dependent CP asymmetries, as well as increase the background levels. If the time
information of the track hit is known within a resolution of ~ 200 ps, the mismatch is reduced to
the current levels (1%). See Figure 2 for a preliminary study on how this fraction depends on the hit
time resolution. This study clearly motivates the use of timing information in the VELO, although
the radiation resistance is an open issue to be further studied.

The SciFi tracker [16] being built now for the first upgrade is limited to work not beyond
instantaneous luminosities of 2 x 10°* Hz cm™~? given the radiation and occuppancies expected. A
possible solution (although not cheap) is to replace the tracker by a full Silicon Tracker for example
using technologies developed for the ATLAS and CMS upgrades.

As mentioned in Section 1 the current plan is to replace the inner region of ECAL [17] during
LS3 due to radiation damage. It turns out that by just improving the resolution in the horizontal
band (£80 cm in the y-axis) the resolution achieved in radiative B decays is very close to the im-
provement replacing the whole area of the calorimeter (300 cm in the y-axis). Therefore, it seems
like a good option to use some of the new technologies being studied (W-Shaslik, DECAL, etc...)
on just this horizontal band to provide a better detector able to run at higher luminosities. Prelimi-
nary studies indicate a factor 2 better resolution in position and a factor 4 on pileup reduction.

The LHCb muon system [17] will suffer from a too high rate in the innermost regions of some
of the Muon stations (mainly M2 and M3). Replacing HCAL by an iron wall to act as shielding
would reduce rates by a factor 2, but still new technologies (like t-RWELL, GEM, etc...) will be
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Figure 2: Fraction of B decays mismatch to the wrong PV as a function of the resolution in time of the VELO

hits obtained from a sample of simulated events with instantaneous luminosities of 2 x 103 Hz cm~2.

needed to replace the innermost detectors. Moreover, the muon-id algorithm can probably relax
the requirements in terms of hit coincidences in different stations and still have a very high purity.

It was initially thought that the RICH system [17] would find the particle densities an insur-
mountable challenge. However, after a preliminary study it does seem to be possible to reduce by a
factor 10 occupancies simply by increasing the pixel granularity (3 mm down to 1 mm) and using
photodetectors insensitive to magnetic field (i.e. SiPM or MCP) therefore removing the need for
shielding. If in addition, the optical uncertainty is reduced by moving the flat light-weight mirror
into the acceptance and by reducing the mirror tilt (hence reducing the emission point uncertainty)
it will be possible to correctly identify the Cherenkov rings. Moreover the chromatic uncertainty
can be reduced by the tuning of the gas and the use of photodetectors shifted towards the red
spectrum.

Although no full design yet exist, it does seem from a preliminary look at the main detector
challenges that solutions can be found.

5. Final comments

It seems clear that HL-LHC can provide up to 2 x 103 Hz cm~? instantaneous luminosity
to IR8 without significant loses for the other interaction points at the LHC ring, and be able to
integrate up to 300 fb~! before the insertion magnets at IR8 need replacement. The need for extra
protecting devices seems to be limited and affordable until then.

There is a clear and strong physics case for an LHCb second upgrade in LS4. Very rare decays,
or exotic searches are limited by statistics. Some of the most interesting CKM measurements are
not limited by systematic uncertainties. In particular, time dependent CP asymmetry measurements
seem feasible if tracker detectors have timing information (~ 200 ps resolution per hit).
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Some of the improved detector technologies needed for this second upgrade, and other ideas

being discussed, could already be implemented during LS3 (phase 1b upgrade).

No doubt the LHCb phase 2 upgrade is a challenging project, but so far LHCb has been very

successful in beating expectations!
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