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The landscape of flavour physics towards the high intensity era, Pisa 9-10 December 2014

The mission of a flavor physicist
To look for New Physics in [mostly FCNC] B, K, charm decays (and cLFV
decays) that can be sensitive to quantum corrections from degrees of freedom
at and above the electroweak scale.
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The success of the CKM picture is impressive….	
  	
  
Moriond 2014
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But how well do we know CKM? Assume ΔF=2 transitions
arXiv: 1309.2203 (CKMFitter)
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consider NP in M12q = M12SM,q(1+ hqe2iσq)
independently for Bd, Bs with arbitrary flavour structure.

Bd

Bs

Current status: in most flavor-changing neutral-current processes,
NP can still contribute at least at the level of ~20-30% with respect to the SM

Constraints on New Physics from ΔF = 2 transitions
2013

2018+:
LHCb 7 fb-1, Belle II: 5 ab-1
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2028+:
50 fb-1 LHCb, 50 ab-1 BelleII

Bd

Bs

~ 20-25%

~ 10%

~5%
arXiv: 1309.2203 (CKMFitter)

How the accuracy on flavour observables translates into M(NP) limits ?
CKMFitter, 1309.2203: a knowledge of CKM at ~5-10% (2028+)
could probe new particles with CKM-like couplings with masses, M,
→ in the 10-20 TeV range if they contribute at tree level (i.e., Λ∼ M),
→ in the 1-2 TeV range if they enter with loop suppression
LHCb upgrade

Isidori, Strumia et al, 2002

.. And are in the ballpark of the gluino masses explored at LHC @14 TeV
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Stop & gluino searches at CMS
[ Flaecher, SUSY 2014]

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  [stop mass already excluded at 700-800 GeV, gluino at 1.2 TeV]
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statistical uncertainty

For statistically limited measurements, the sensitivity to the NP mass grows
as 1/√σ → as 1/N1/4 → Luminosity matters !
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This is why we need to upgrade the detector…..
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LHCb (naïve) sensitivities in Run I, Run II and upgrade
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Extrapolations assume:
- Scaling of accuracy with √L
- gain x2 for L0 removal for fully hadronic b-decays (a bit more for fully hadronic charm
decays)
- same HLT efficiency, reconstruction, stripping, selection, PID efficiencies as in Run I
- same background contamination as in Run I.

Are we going to be dominated by systematic uncertainties?

LHCb (naïve) sensitivities in Run I, Run II and upgrade

A closer look to ΔF=2 transitions
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Mixing-induced CP violating phase ϕs: Bs→J/ψKK & Bs→J/ψππ
LHCb, 3 fb-1, arXiv 1411.3104

World average: -15± 36 mrad
LHCb only: -10 ± 40 mrad
SM : 36 ± 2 mrad (Phys. Rev. D 84 (2011) 033005)

Fully dominated by statistical uncertainty (x8 syst. uncertainty)
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Breakdown of systematic uncertainties for ϕsin Bs→J/ψKK
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Dominant systematic uncertainties:
- ϕs: angular acceptance (MC stat dominated)
- Γs, ΔΓs: correction for VELO acceptance (tracking reconstruction) and trigger efficiency
→ This should be solved with the upgraded VELO and with the fully lifetime unbiased
software trigger foreseen in the upgrade.

CPV phase in Bs→ϕϕ:
[Phys. Rev. D20 (2014) 052011]

Bs→ϕϕ is a FCNC gluonic penguin decay:

- sensitive to CPV phase due to interference between
mixing and decay
- phase close to zero in SM (upper limit: 0.02)
- sizeable enhancements due to NP are possible
[hep-ph/0007328, arXiv:1212.6486v1].

Result based on 3 fb-1:

Agreement with prediction, no evidence of CPV in decay or mixing
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CPV phase in Bs→ϕϕ:
[Phys. Rev. D20 (2014) 052011]

Systematic uncertainty dominated by the knowledge of the angular acceptances
and time acceptance :
→ This should be solved with the upgraded VELO and with the fully lifetime unbiased
software trigger foreseen in the upgrade.
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ϕs projections

Large enhancement of
the yield expected for
removal of the L0 trigger
for Bs→ϕϕ
Upgrade phase

20-30% relative accuracy

2030

SM : 36 ± 2 mrad 	
  

A crucial ingredient is (and will be) the tagging efficiency and its knowledge
Crucial to control the penguin pollution [control modes rely on assumptions
on SU(3) breaking corrections].
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ϕs projections

Upgrade phase

20-30% relative accuracy

2030

SM : 36 ± 2 mrad 	
  

will the kaon measurements be at the same level?
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Mixing in Semi-leptonic asymmetries

Both consistent with SM

Here the systematic uncertainties matter!
Dominant systematics: detection asymmetry
Second dominant systematic for Bd is the B+ production asymmetry

LHCb (naïve) sensitivities in Run I, Run II and upgrade

Let’s move into the realm of the rare decays…
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Rare decays: the beauty of EW- & Higgs- penguins
FCNC decays are an infinite source of information as they
are sensitive to quantum corrections from degrees of freedom
at or above the electroweak scale.
SM
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NP can modify the Wilson coefficients (Ci) affecting observable quantities
as angular distributions in B→ K(*)µµ decays (C7,C9,C10), branching
fractions in B→ µµ decays (Cs, Cp) and photon polarization (C’7)
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Constraints on New Physics from rare decays are looser than mixing
H eff
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Straub, Altmannshofer
arXiv:1308.1501

The CiNP are all compatible with zero (so far) but one C9(NP)

Puzzling deviations: P’5 in Bd →K*µµ
In 2013, the observation by LHCb of a tension with the SM in B →K*µµ angular
Observables has received considerable attention from theorists and it was shown that the
tension could be softened by assuming the presence of new physics (NP).

LHCb, Phys.Rev.Lett. 111 (2013) 191801

-3.7 σ discrepancy in the reqion
4.3 < q2 < 8.68 GeV2/c4
Can be explained by a negative NP
contribution to the Wilson coefficient C9,
namely C9=C9(SM)-1.5
Descotes-Genon, Virto, Matias PRD 88 (2013) 074002
D. Van Dyck, C. Bobeth, F. Beaujean arXiv 1310.2478
Altmannshofer, Straub (arXiv 1308.1501)
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Puzzling deviations: Rk = BR(B+ →K+µ+µ-)/BR(B+ →K+e+e-)
In 2014, another tension with the SM has been observed by LHCb, namely a suppression of
the ratio RK of B+ →K+µµ and B+ →K+ e e branching ratios at low dilepton invariant mass
→ test of lepton universality

In 3 fb-1 LHCb measures:
RK = 0.745+0.090-0.074 (stat) +0.036-0.036 (syst)
which is consistent with SM at 2.6 σ

LHCb, PRL 113 (2014) 151601
Belle, PRL 103 (2009) 171801
Babar, PRD 86 (2012) 032012
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Puzzling deviations: BR(Bd →K*µµ ) and BR (Bs →ϕµµ)
Finally, also branching ratio measurements of Bd →K*µµ and Bs →ϕµµ decays published
recently seem to be too low compared to the SM predictions when using state-of-the art
form factors from lattice QCD or light-cone sum rules (LCSR).	
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Average from
LHCb, CDF,
CMS and ATLAS

LHCb: JHEP 1406 (2014) 133, JHEP 1308 (2013)131, JHEP 1307 (2013) 084
CDF: Public note 10894, CMS: arXiv: 1308.3409 ATLAS: ATLAS-CONF-2013-038

Average
from LHCb, CDF
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Interpretation
Assuming new physics in B →K(*)µµ only, a consistent description of these
anomalies seems possible:
G. Hiller and M. Schmaltz, PRD90 (2014) 054014
D. Ghosh et al., arXiv:1408.4097 [hep-ph].
T. Hurth at al., arXiv:1410.4545 [hep-ph].
S. L. Glashow et al., arXiv:1411.0565 [hep-ph].

Difficult to explain data in SUSY scenarios
or using partial compositeness (why only C9(‘)?)
Data can be described using Z’ with flavour violating
couplings, but mass must be o(7 TeV)
to avoid direct limits and limits from mixing (Δms).
PS: NA62 will probe the same underlying physics with K → πνν decays
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Interpretation
Assuming new physics in B →K(*)µµ only, a consistent description of these
anomalies seems possible:
G. Hiller and M. Schmaltz, PRD90 (2014) 054014
D. Ghosh et al., arXiv:1408.4097 [hep-ph].
T. Hurth at al., arXiv:1410.4545 [hep-ph].
S. L. Glashow et al., arXiv:1411.0565 [hep-ph].

However, while RK is theoretically extremely
clean, predicted to be 1 to an excellent accuracy
in the SM, the other observables are plagued
by sizable hadronic uncertainties,
[different treatments of (factorisable/non-factorisable)
corrections can give large variation of P’5]
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Rare decays with ew-penguins: prospects
Upgrade
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By 2028 the statistical uncertainty
on each point will be reduced by a factor 3-4
Zwicky & Lyon in [arXiv:1406.0566]

Will we be able to control the hadronic
uncertainties at the same level?
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B(B0s ⇥ µ+ µ ) [10 9]

LHCb and CMS, arXiv:1411.4413

BR(Bd) = (3.94 +1.58-1.41 +0.31 -0.24 )x 10-10

6.2σ observed (7.6σ expected)

BR(Bs) = (2.79+0.66 – 0.60

3.2σ observed (0.8σ expected)

+0.26
-0.19)x

0
0

5

SM

0.1

0
4900 5000 5100 5200 5300 5400 5500 5600 5700 5800 5900

10

6

0.2

10

20

7

◊10
6.3

5%

0.3

20

30

10

%

0.4

30

3%

0.5

99.7

0.6

95.4

40

B0→ µ +µ −
Background

0.7

1

0

Bs → µ +µ −

0.8

1

Signal and background
50

40

0
2◊1

Data

CMS and LHCb

0.9

1

60

−1

-1

L( s = 7 TeV) = 5+1 fb ,L( s = 8 TeV) = 20+2 fb

B(B0 ⇥ µ+ µ ) [10 9]

CMS and LHCb
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7
68.2

S/(S+B) weighted cand. / (40 MeV/ c2)

Another puzzling deviation: BR(Bd →µ+µ−)

10-9

BR(Bs0→µ+µ− ) = ( 3.66 ± 0.23) x 10-9
BR(B0→µ+µ− ) = ( 1.06 ± 0.09) x 10-10

Theory: Bobeth et al,
Phys. Rev. Lett. 112 (2014) 101801

Compatibility with the SM predictions: 2.2 σ for B0 and 1.2 σ for Bs

0
0

BR(Bd →µ+µ−) and BR(Bd →µ+µ−) in a model independent approach:
LHCb+CMS Bd
result out of scale

28
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R = BR(B0→µ+µ− )/BR(Bs0→µ+µ− )

s

R (theory) = 0.0295+0.0028_0.0025 (+8.7% - 7.7%)

Expected precision on R = BR(B0→µ+µ− )/BR(Bs0→µ+µ− )

Run II
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LHCb upgrade
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Main limiting factor will be the control of the peaking backgrounds
(pure particle identification problem)
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Are these extrapolations reliable ?

→ a look into the past (LHCb roadmap document, 2009)
→ a look into the future (LHCb upgrade TDRs, 2014)	
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A look into the past:
“Roadmap document”: LHCb sensitivities pre data taking
Let’s compare with the current results:

φs from Bs→ J/ψϕ
Predictions from roadmap document
arXiv: 0912.4179

data	
  
MC	
  

Slightly worse.

A look into the past:
“Roadmap document”: LHCb sensitivities pre data taking
Let’s compare with the current results:

3σ evidence for Bs→ µµ

Predictions from roadmap document
arXiv: 0912.4179

Roadmap: Expect 3 σ with 3 fb-1 @ 14 TeV
Data: We got 3σ with 2.1 fb-1 @ 7-8 TeV

Better.
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A look into the future: performance of the upgraded VELO
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VELO TDR, CERN-LHCC-2013-021

Black: current
Red: upgrade at 2x1033

Much better IP resolution:
-Intercept is the RF foil thickness,
- slope is due to multiple scattering

Similar time resolution (~ 50 fs)
- important for the dilution factor
D = exp(-σ2t Δm2/2) for Bs CP asymmetries

The upgraded VELO will be a major asset for the LHCb upgrade

A look into the future: performance of the upgraded SciFi tracker
The current tracker would never be able to stand in the upgrade conditions….

LHCb tracker TDR
CERN-LHCC-2014-001
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A look into the future: performance of the upgraded SciFi tracker
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….However the upgrade tracker in the upgrade conditions will have worse
performance than the current tracker in the current conditions

LHCb tracker TDR
CERN-LHCC-2014-001

→	
  
→	
  

A look into the future: performance of the upgraded SciFi tracker
….However the upgrade tracker in the upgrade conditions will have worse
performance than the current tracker in the current conditions

LHCb tracker TDR
CERN-LHCC-2014-001

Long tracks, p>5 GeV:
→ loss of 4% (5-6%) for double (same) ghost rate for generic long tracks (charm, strange..)
→ loss of 2% (3-4%) for double (same) ghost rate for long tracks from b decays (high pt)

Hence: loss of 8-16% in four body decays
(Bd→K* µµ, Bs→J/ψ ϕ, Bs→ϕϕ, etc.)

38
A look into the future: performance of the upgraded RICH system
Upgraded RICH system in principle is able to recover the performance of Run I

LHCb PID TDR
CERN-LHCC-2013-022

[	
  However any increase of hits multiplicity with respect to current simulation
can change the results – and we know that the LHCb MC is not tuned
(we measured +40% hits in calorimeters with respect to simulation in Run I)]
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A look into the future: performance of the MUON system
MuonID performance: pion misidentification and muon efficiency in the upgrade

LHCb PID TDR
CERN-LHCC-2013-022

Extrapolations from data hence more
reliable:
- 5 % efficiency/ track
- x 2 more background/per track
But no safety factor included.

The upgrade trigger: the name of the game
LHCb trigger TDR
CERN-LHCC-2014-016
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The numbers from the LHC:
30 MHz of primary interactions, pile-up=7.6
3 b’s, 12 c’s and 41 s per 100 BX

Output rate:
270 (b), 800 (c), 260 (s) kHz of events
in LHCb acceptance with mild cuts
( pT>2 GeV, tau>0.2 ps )

The numbers from the upgrade:
money secured to build a farm:
- 13 ms /event @ 30 MHz time budget
- 20 kHz, 2 GB/s output rate

A very challenging project

The upgraded trigger: the name of the game
Time budget: 13 ms/event (*) @ 30 MHz
Tracking possible only applying global event cuts and pT cuts:
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LHCb trigger TDR
CERN-LHCC-2014-016

[This cut is 60% efficient
on charm decays]

[ (*) this budget has been estimated assuming that the memory bandwidth grows such
That the individual instances of HLT code do not influence each other performance.]

The upgraded trigger: the name of the game
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Time budget: 13 ms/event @ 30 MHz

LHCb trigger TDR
CERN-LHCC-2014-016

[Assuming a more realistic MC with 30% more hits the time to build up the tracks
almost saturate the available total time budget. A Global event cut allows to recover
a reasonable CPU time but cuts away 30% of Bs → ϕϕ.]

The upgraded trigger: the name of the game
Bandwidth: 20 kHz, 2 GB/sec
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LHCb trigger TDR
CERN-LHCC-2014-016

With 20 kHz, 2 GB/sec:
- topological trigger (only b-decays, lifetime biased selection)
- handful of lifetime unbiased selections (only b-decays)
- exclusive: only Bs→µµ, Bs→ϕϕ,
- charm: almost nothing fits in 9 kHz
(D0→KK: 2 kHz, D0→K π: 20 kHz, D0 → ππ +Cabibbo-suppressed modes: 40 kHz; D0→Ks ππ: 9 kHz)

In order to cover the same physics program as in Run I we need
either to increase the offline resources or to reduce the event size or to park the data
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Conclusions
Flavour physics has been, is and will always be a strategic asset in the quest
for new physics… However :
- only a few “hints” of deviations from SM predictions observed so far ;
- sensitivity on NP mass scale reachable with LHCb upgrade (2028) is in the same ball park
as direct searches at LHC @ 14 TeV (if we assume MFV) and grows (very) slowly with L

Hence:
To do a sizeable step forward in the flavour sector we need
high luminosity, highly performing detectors, deep control of systematic uncertainties and
reliable theory predictions…
Will the LHCb-upgrade able to keep its promises?
Rendez-vous in 2023 for the answer…

Back to the beginning: the mission of a flavor physicist
To look for New Physics in FCNC B, K, charm decays (and cLFV decays)
that can be sensitive to quantum corrections from degrees of freedom
at and above the electroweak scale.
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…but if there was nothing between the EW and Planck scales?
……To be continued…..

SPARES

Higgs and naturalness
“Given the absence of unambiguous signal of new physics
and the compatibility of the Higgs properties with the SM predictions some doubts
arose about the relevance of the naturalness argument as an organizing principle at
higher energies.”
C. Grosjean, Future circular collider kick-off meeting,
Geneva, February 12-14

“With a mass of the Higgs boson of ~126 GeV the Standard Model could be a
self-consistent stable or meta-stable weakly coupled effective field theory up to
very high scales (possibly up to the Planck scale) without adding new particles.”
N. Arkani-Hamed, Future circular collider kick-off meeting,
Geneva, February 12-14

……To be continued…..
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Inputs for CKMfitter results on NP	
  

Theory predictions: error budget
BR(Bs0→µ+µ− ) = ( 3.66 ± 0.23) x 10-9 (6.3%)
BR(B0→µ+µ− ) = ( 1.06 ± 0.09) x 10-10 (8.5%)

5
Bobeth et al. ‘13

Bs0→µ+µ− 	
  
B0→µ+µ− 	
  

The uncertainty of CKM matrix elements is now larger than the uncertainty on fBs,d

Theory predictions: error budget
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BR(Bs0→µ+µ− ) = ( 3.66 ± 0.23) x 10-9 (6.4%)
BR(B0→µ+µ− ) = ( 1.06 ± 0.09) x 10-10 (8.5%)
Bs0→µ+µ− 	
  
B0→µ+µ− 	
  

R = BR(B0→µ+µ)/ BR(Bs0→µ+µ) = 0.0295+0.0028 -0.0025 (+8.7% - 7.7%)
The theoretical uncertainty on R is due:
- 8 % uncertainty from CKM elements ;
- 3.7 % uncertainty from fBs/fBd
- 1.4 % uncertainty on the Bs lifetime

These uncertainties do not cancel in the ratio.
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CMS and LHCb results: pre-combination
S/(S+B) Weighted Events / ( 0.04 GeV)

CMS - L = 5 fb-1 s = 7 TeV, L = 20 fb-1 s = 8 TeV

14

data
full PDF
0
Bs →µ +µ 0
B →µ +µ combinatorial bkg
semileptonic bkg
peaking bkg
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BR(Bs0→µ+µ−) =( 3.0 +1.0 -0.9 ) 10-9 (4.3 σ)
BR(B0→µ+µ−) =( 3.5 +2.1 -1.98) 10-10 (2.0 σ)	
  

BR(Bs0→µ+µ−) =( 2.9 +1.1 -1.9 ) 10-9 (4.0 σ)
BR(B0→µ+µ−) =( 3.7 +2.4 -2.1) 10-10 (2.0 σ)	
  

How the accuracy on flavour observables translates into M(NP) limits ?
General decomposition of flavor-violating observables

Isidori @ ECFA’14

