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• LHCb status and physics programme

• Why a ‘next generation’ flavour experiment?

• Challenges (and some options) for an upgraded LHCb?

• Physics at an upgraded LHCb – some highlights
(as seen from 2008)

• Schedule and Conclusions
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� Forward geometry: 
� 1012 bb/2 fb-1 produced
� both B hadrons in 

acceptance for tagging
� excellent proper time 

resolution (40 fs)

���������������

� Earliest level (L0) trigger: high pt l±, hadron or ghardware trigger 40� 1 MHz
� Effectively 10 ® 1 MHz

proton
beam

Interaction
region

� RICH provides hadron
identification 2-100 GeV/c

� Operates at instantaneous 
luminosity of (2-5) x 1032 cm-2s-1 (factor 50-20 below peak lumi of GPDs)

� Software Higher Level Trigger (HLT):
� ensure high pt object associated with large impact parameter tracks
� inclusive and exclusive selections to reduce storage rate to 2 kHz
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Muon detector

Calorimeters

RICH-2

Magnet

OT

VELO

RICH-1
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It’s full!
Installation of major structures is essentially complete

Muon detector

Calorimeters

RICH-2

Magnet

OT

VELO

RICH-1
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By 2013 LHCb expects to accumulate 10 fb-1. Allows for wide range
of analyses, with high sensitivity to new physics.  Some highlights:

• Observation of Bs� ��

• Bs mixing phase measured 
with uncertainty of 0.01 rad
(SM expection: -0.036±.003)

• B� K*�� : ‘0-point’ of 
asymmetry measured to 7%

• Precise determination of �
-tree-level value known to ~2o

-NP-sensitive measurements
with Penguin modes (eg. B� hh)

• Search for NP CPV in gluonic
Penguins,  eg. Bs���

• D0 mixing measurements &
searches for charm CPV to 10-3
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Either:  LHCb will find exciting NP signal (eg. Bs� �� or � s enhancement,  
UT inconsistencies at ~5o level).  Then there will be a host of follow up 
measurements, all of which will benefit from a new/upgraded experiment.

� script will write itself – so don’t consider further

Or: ATLAS & CMS will find NP,  but no big signatures in flavour sector.
For instance Minimal Flavour Violation (MFV) might give identical CPV to 
SM,  but give (possibly small) deviations in b� (d,s) Penguins & Bd,s� ��

� need to test SM CPV to precision of (ultimate) theoretical predictions

� make improved studies of b� (d,s) Penguins and rare decays
in measurements which will be statistically limited at LHCb.

Testing the flavour structure of the SM has taken many years. Elucidating the 
flavour structure of the NP found at the LHC will surely not be a simple task.
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Or: the wasteland - no sign of NP! Precision measurements still the best 
way forward (but not a pleasant argument to sell to funding agencies…)



(

Increase in computing power is very likely to lead to significant 
improvements in any quantity which can be calculated on the lattice

(table courtesy of V. Lubicz, Super-B IV Workshop)

In addition,  there will be a wealth of precise BR measurements against
which theorists can tune and test these and other calculations.

� Requirements on measurement precision will increase with time ! 
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1%1.5%4%Vcb-excl.

3%5%11%Vub excl.

1.5%2.5%5%�

2%4%13% fBs� BBs

2%4%11%Bk

2014
1 PFlop Yr

2010
40 TFlop Yr

Now
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If indeed true, precision on indirect 
predictions of CKM angles will improve 

� indirect presently ~6o (UTFit). May 
well decrease by order of magnitude
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� L0 trigger: no gain for hadron modes 
when lumi goes above 2×1032 cm-2s-1 

� Limitation from L0 trigger

Upgrade should involve (at least) factor 
10 increase in statistics – so investigate 
feasibility of higher luminosity running:

� Radiation damage
� Spec was for less than 20 fb-1

� Principally affects large �

� Tracking and particle ID:
� Straws: significant problems from 

spill-over above 1033 cm-2s-1

� Steady (but slow) degradation in 
hadron PID and tracking with lumi

� Si tracking however fine
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Baseline lumi for upgrade is
2 x 1033cm-2s-1,  that is a factor
10 increase on LHCb, but still a
factor 5 down on max. LHC lumi.
• 30 MHz of crossing with � 1 int.

• # interactions/x-ing up by factor 2

• spillover increased by factor 3

What about SLHC ? Peak lumi.
of 8 x 1034 cm-2s-1. Certainly not 
incompatible with LHCb upgrade

• Preferred scheme is to alternate 
low and high current 25 ns bunches.
Displaced IP of LHCb will see
collisions between low and high
current bunches – just fine.
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Current trigger will give large yields at 
1032 , but not suited to higher lumis. 

Level-0
• High Et hadron, e, � or �
• 1 MHz max output rate – bottleneck 
• As lumi. rises, L0 limits yield:

L >2x1032: L0-retention ~ 10%
L >1033:     L0-retention ~ 3%

• Thresholds rise, efficiencies drop, 
& (especially for hadronic modes) 
no real improvement in yields !

HLT
• All detector info available.
• Only limited by algorithms & CPU
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How to redesign trigger?

� Perform whole trigger in CPU farm\ read out at 40 MHz
� Trigger efficiency in hadronic modes can be increased by 

incorporating vertex and coarse momentum early (c.f. BTeV)
� All subsystems front-end electronics need to be replaced

(for starters, this will mean new RICH photodetectors…)

How to respond to the higher radiation levels?
� Vertex detector replacement already required after ~6 fb-1

� Inner region of calorimeter - maybe crystals® improved � (E)/E ?

What to do about x 4 increase in occupancy in Outer Tracker ?
� Only two fold without spillover ® faster gas?
� Increase coverage of Si ‘inner tracker’ ?
� More radical SciFi tracker ?!
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Higher integrated luminosity requires rad. hard solutions

40 MHz readout together with higher 
instantaneous luminosities….

• Improved pattern recognition
• Magnetic field

Improved detector design

• Removal of RF foil – takes up 50% of present X0
• Reduced inner radius – present 8mm is conservative !

• Magnetic Cz substrates, n-on-p technology
• Short strips with MCMD design
• 3D technology (� )

…for high occupancies and B-fields 
pattern recognition may require pixels.
Following problems need solving:

• Sensor thinning
• Electronics thinning

• Cooling solutions
• Pixel size reduction

100 fb-1 �
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Expect new goals will appear after early LHC data. Today makes most 
sense to look what upgrade brings to LHCb benchmark analyses.

• LHCb: Bs� �� observed

• LHCb: Bs mixing phase known
with uncertainty of 0.01 rad

• LHCb: B� K*�� , ‘0-point’ of 
asymmetry measured to 7%

• LHCb: � measured to ~2o • LHCb: search for NP CPV in 
gluonic Penguins,  eg. Bs���

• LHCb: charm mixing and CPV
searches to 10-3
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Expect new goals will appear after early LHC data. Today makes most 
sense to look what upgrade brings to LHCb benchmark analyses.

• LHCb: Bs� �� observed

• LHCb: Bs mixing phase known
with uncertainty of 0.01 rad

• LHCb: B� K*�� , ‘0-point’ of 
asymmetry measured to 7%

• LHCb: � measured to ~2o • LHCb: search for NP CPV in 
gluonic Penguins,  eg. Bs���

• LHCb: charm mixing and CPV
searches to 10-3

Upgrade: measure to level of
indirect prediction

Upgrade: strive for 
sub-degree precision

Upgrade: test SM and MFV
through few % BR measurement
and search for Bd� ��

Upgrade: use new observables
to improve sensitivity to NP

Upgrade: improve precision x 4-5

Upgrade: see & characterise CPV
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Expect new goals will appear after early LHC data. Today makes most 
sense to look what upgrade brings to LHCb benchmark analyses.

• LHCb: Bs� �� observed

• LHCb: Bs mixing phase known
with uncertainty of 0.01 rad

• LHCb: B� K*�� , ‘0-point’ of 
asymmetry measured to 7%

• LHCb: � measured to ~2o • LHCb: search for NP CPV in 
gluonic Penguins,  eg. Bs���

• LHCb: charm mixing and CPV
searches to 10-3

Upgrade: measure to level of
indirect prediction

Upgrade: strive for 
sub-degree precision

Upgrade: test SM and CMFV
through few % BR measurement
and search for Bd� ��

Upgrade: use new observables
to improve sensitivity to NP

Upgrade: improve precision x 4-5

Upgrade: see & characterise CPV

No dedicated physics studies yet ; all numbers come from
results of state-of-the-art LHCb 10 fb-1 simulations scaled 
by factor of 20 for hadronic channels, and 10 for others.



�%

3�,�����������4 
������
�$�
����	
�
��	

r
-1 -0.5 0 0.5 1

h
-1

-0.5

0

0.5

1
g

b

a

smD
dmD dmD

Ke

cbV
ubV

r
-1 -0.5 0 0.5 1

h
-1

-0.5

0

0.5

1

Direct proportionality to � leads to
interesting constraint on UT

0.0030.0090.021� (stat)

100 fb-110 fb-12 fb-1(Super-)LHCb

Superposed on LHCb 10 fb-1 + lattice

Vast statistics will allow improvement on Bd mixing phase (= sin2b in
SM). Control channels will permit understanding of systematics from
tagging and Penguin pollution. • eg. Bs� J/� Ks

R. Fleischer,
Eur. Phys. J. C 10 (1999) 299)

Statistics will allow for 0.1o error.

LHCb will (hopefully) see enhanced
Bs mixing phase.  Upgraded LHCb
will make precise measurement.

8% relative uncertainty possible –
will match current indirect error !
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LHCb will use host of channels to constrain � to 2-3o. As lattice improves 
indirect precision, so desire for sub-degree precision will grow.  

Upgraded LHCb will have huge statistics, eg.

Bs� DsK
B±� D(Ks�� )K±

B±� D(K� ,K3� )fav K±

B±� D(KK + �� )K±

620k
500k
5.6M each
800k

Extrapolating Bs� DsK alone gives statistical 
uncertainty of 1o.  Ultimate power of other 
modes depends on value of phases, rB etc
and (in some cases) inputs from CLEO-c/BES-III 

Opportunity to push � measurement to unimagined precision !

B+

B-
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Hope for significant NP enhancements in Bs� �� – will then be seen soon
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However, SM signal at 5� still
lies within reach of LHCb

• Within SM and MFV, signal
BR is predicted to 10%.  (Buras,
hep-ph/0604057). Testing this
cannot be done with 10 fb-1.

Going further still:

• Rate of (Bd/Bs)��� is even more
tightly constrained in SM & MFV.

Buras: “Bs� �� /Bd��� = 32.4 ± 1.9, one of magic numbers of CMFV”
This precision beyond even upgraded LHCb (50-100 Bd events), 
but Bd��� observation feasible, if lepton id. can suppress Bd� �� .

+�566 ����+ � 566 �
����	����������
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Interest and potential of K*�� well established.   Headline measurement
is the New-Physics-sensitive 0 point in the forward-backward asymmetry.

Self-tagging exclusive mode ideally
suited both to LHCb and upgrade

With 100 fb-1 385k events expected LHCb,  2 fb-1

� mm
" �#�$ " �

( s0 true = 4.10 )

+� K*�� at LHCb and beyond

� 2.1% error on s0

Such a precision exceeds 
current theoretical uncertainties 

But there is other important  
physics to extract from this decay….
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Other important observables in K*�� system will almost certainly 
benefit from upgraded LHCb statistics,  eg. those considered in 
transversity angle analysis in which decay is described 
in terms of 4-variables:

�				 mm����	�%�����
q& ' (� ���&�
q)* �%�
+�&���	) * ���&�
f ���&�	���,���	) * ���	 mm��!��	 &����

In this basis can construct several asymmetries which at leading
order depend on short range information only,  in particular:

�
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Study of LHCb’s sensitivity 
to AT 

(2) with 2 fb-1

AT 
(2) very sensitive to 

New Physics effects through 
eg. RH currents in C7

eff –
a powerful way to probe chiral
structure of b� s transitions 
(c.f. b� s gamma)

An excellent example of channel 
which will benefit from 100 fb-1 

statistics (error bars shrink by ~7)
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Upgraded LHCb will also accumulate significant samples of  b� d modes, 
eg. Bd�� (� )�� , Bs� K*�� .  Also high yields in B�� � , � 0�
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Much recent interest in possibility of 
non-SM phase affecting sin2� eff in 
Bd�	 Ks, � ’Ks etc.  

Best mode at LHCb for these studies 
is Bs analogue: Bs���

Dependence on Vts in both loop 
and mixing leads to SM CPV < 1%

• eg M. Raidal, PRL 89, 231803 (2002)

P� VV: need full angular analysis

LHCb with 10 fb-1: precision 0.05

very nice – should tell us more than
present b� ccs analyses….

Upgrade: 62k events and a precision
of 0.01 achievable – extremely interesting!
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Charm physics is now firmly part of baseline LHCb physics (LHCb-2007-049).

Recently demonstrated potential to perform world-best measurements 
using charm from D* produced in B decays found in HLT trigger stream.

Partially reconstruct B decay
vertex to find birth position of D0

- gives good proper time resolution

D0� K�

� s

B� D*X

Studies in benchmark analyses – x’2 and y’ from WS K� ; yCP from KK –
show great promise: � x’2 ~ 6 x 10-5,  � y’ ~ 9 x 10-4, � yCP ~ 5 x 10-4

Prompt charm will enhance statistics – but L0 trigger suppresses yield
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Charm CPV (in mixing, decay or mix-decay interference) is expected to 
be tiny in the SM, but can certainly be enhanced by NP.  Particularly 
interesting case: SCS decays, where effects of SM and NP will be largest.

LHCb has statistics to have world best sensitivity in charm CPV;
upgrade can push limits much further

eg. upgrade yield in B� D*X, D0� KK 
~2.108 (cf. BaBar 130k in 390 fb-1)

+ upgraded trigger will greatly
improve yield from primary charm!

Statistics to push sensitivity down to < 10-4 – enough to see SM CPV ? 

Wealth of other channels 
will permit systematics to be
isolated, and any observed 
CPV to be characterised.

• D0� K� , K���

• Partial width 
CPV in D0� KK, 		

• CPV in D+� K		 Dalitz

• D0� Ks		

• D0� KK		 (T-odd 
moments + Dalitz
analysis CPV search)

• Plus rare decays, 
eg. D(0)

(s)� l+l- [(Xu,s)]
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Already serious thinking within collaboration on challenges of upgrade:

• First upgrade workshop in Jan `07 in Edinburgh – very stimulating

• Upgrade task force formed

• Serious thoughts within subgroups on detector issues

• Expression of Interest to be submitted this year

LHCb will accumulate 10 fb-1 by ~ 2013.  To be able to install upgraded 
experiment with minimum delay, we intend to start detector R&D soon !
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• LHCb about to take over the baton of flavour physics.

• Require upgraded flavour experiment to capitalise on what is learnt 
at early LHC, and to exploit fully enormous b production cross-section

• 10 fb-1 expected by ~2013: wealth of exciting discoveries
and measurements in store.

- Updated readout, trigger and VELO will be critical in upgrade.
- Significant changes needed elsewhere (eg. RICH photodetectors)
- Experiment compatible with, but not reliant on, machine upgrade

• General physics capabilities clear;  details under study.

• Start datataking ~ 2015 and accumulate 100 fb-1 by 2020
with improved trigger efficiency in hadronic channels.


